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Foreword

S THIS BOOK GOES TO PRESS, the National Aeronautics and

Space Administration (NASA) has passed beyond the half cen-

tury mark, its longevity a tribute to how essential successive
Presidential administrations—and the American people whom they
serve—have come to regard its scientific and technological expertise. In
that half century, flight has advanced from supersonic to orbital veloc-
ities, the jetliner has become the dominant means of intercontinental
mobility, astronauts have landed on the Moon, and robotic spacecraft
developed by the Agency have explored the remote corners of the solar
system and even passed into interstellar space.

Born of a crisis—the chaotic aftermath of the Soviet Union’s space
triumph with Sputnik—NASA rose magnificently to the challenge of the
emergent space age. Within a decade of NASA’s establishment, teams
of astronauts would be planning for the first lunar landings, accom-
plished with Neil Armstrong’s “one small step” on July 20, 1969. Few
events have been so emotionally charged, and none so publicly visible
or fraught with import, as his cautious descent from the spindly lit-
tle Lunar Module Eagle to leave his historic boot-print upon the dusty
plain of Tranquillity Base.

In the wake of Apollo, NASA embarked on a series of space initia-
tives that, if they might have lacked the emotional and attention-getting
impact of Apollo, were nevertheless remarkable for their accomplish-
ment and daring. The Space Shuttle, the International Space Station,
the Hubble Space Telescope, and various planetary probes, landers, rov-
ers, and flybys speak to the creativity of the Agency, the excellence of its
technical personnel, and its dedication to space science and exploration.

But there is another aspect to NASA, one that is too often hidden in
an age when the Agency is popularly known as America’s space agency
and when its most visible employees are the astronauts who courageously
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rocket into space, continuing humanity’s quest into the unknown. That

hidden aspect is aeronautics: lift-borne flight within the atmosphere, as

distinct from the ballistic flight of astronautics, out into space. It is the

first “A” in the Agency’s name, and the oldest-rooted of the Agency’s tech-
nical competencies, dating to the formation, in 1915, of NASA’s lineal
predecessor, the National Advisory Committee for Aeronautics (NACA).
It was the NACA that largely restored America’s aeronautical primacy
in the interwar years after 1918, deriving the airfoil profiles and con-
figuration concepts that defined successive generations of ever-more-
capable aircraft as America progressed from the subsonic piston era
into the transonic and supersonic jet age. NASA, succeeding the NACA
after the shock of Sputnik, took American aeronautics across the hyper-
sonic frontier and onward into the era of composite structures, elec-
tronic flight controls and energy-efficient flight.

As with the first in this series, this second volume traces con-
tributions by NASA and the post-Second World War NACA to
aeronautics. The surveys, cases, and biographical examinations pre-
sented in this work offer just a sampling of the rich legacy of aero-
nautics research having been produced by the NACA and NASA.
These include

¢ Atmospheric turbulence, wind shear, and gust research,
subjects of crucial importance to air safety across the
spectrum of flight, from the operations of light general-
aviation aircraft through large commercial and super-
sonic vehicles.

e Research to understand and mitigate the danger of light-
ning strikes upon aerospace vehicles and facilities.

¢ The quest to make safer and more productive skyways
via advances in technology, cross-disciplinary integration
of developments, design innovation, and creation of new
operational architectures to enhance air transportation.

¢  Contributions to the melding of human and machine,
via the emergent science of human factors, to increase
the safety, utility, efficiency, and comfort of flight.

¢ The refinement of free-flight model testing for aero-
dynamic research, the anticipation of aircraft behavior,
and design validation and verification, complementing
traditional wind tunnel and full-scale aircraft testing.
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The evolution of the wind tunnel and expansion of its
capabilities, from the era of the slide rule and subsonic
flight to hypersonic excursions into the transatmosphere
in the computer and computational fluid dynamics era.
The advent of composite structures, which, when cou-
pled with computerized flight control systems, gave air-
craft designers a previously unknown freedom enabling
them to design aerospace vehicles with optimized aero-
dynamic and structural behavior.

Contributions to improving the safety and efficiency
of general-aviation aircraft via better understanding
of their unique requirements and operational circum-
stances, and the application of new analytical and tech-
nological approaches.

Undertaking comprehensive flight research on sustained
supersonic cruise aircraft—with particular attention to
their aerodynamic characteristics, airframe heating, use
of integrated flying and propulsion controls, and eval-
uation of operational challenges such as inlet “unstart,”
aircrew workload—and blending them into the predomi-
nant national subsonic and transonic air traffic network.
Development and demonstration of Synthetic Vision
Systems, enabling increased airport utilization, more effi-
cient flight deck performance, and safer air and ground
aircraft operations.

Confronting the persistent challenge of atmospheric
icing and its impact on aircraft operations and safety.
Analyzing the performance of aircraft at high angles of
attack and conducting often high-risk flight-testing to
study their behavior characteristics and assess the value
of developments in aircraft design and flight control
technologies to reduce their tendency to depart from
controlled flight.

Undertaking pathbreaking flight research on VTOL and
V/STOL aircraft systems to advance their ability to enter
the mainstream of aeronautical development.
Conducting a cooperative international flight-test program
to mutually benefit understanding of the potential, behav-
ior, and performance of large supersonic cruise aircraft.
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As this sampling—far from a complete range—of NASA work in
aeronautics indicates, the Agency and its aeronautics staff spread across
the Nation maintain a lively interest in the future of flight, benefitting
NASA’s reputation earned in the years since 1958 as a national reposi-
tory of aerospace excellence and its legacy of accomplishment in the
43-year history of the National Advisory Committee for Aeronautics,
from 1915 to 1958.

As America enters the second decade of the second century of winged
flight, it is again fitting that this work, like the volume that precedes
it, be dedicated, with affection and respect, to the men and women of
NASA, and the NACA from whence it sprang.

Dr. Richard P. Hallion
August 25, 2010
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NASA 515, Langley Research Center’s Boeing 737 testbed, is about to enter a microburst wind
shear. The image is actual test footage, reflecting the murk and menace of wind shear. NASA.




Eluding Aeolus: Turbulence,
Gusts, and Wind Shear

Kristen Starr

Since the earliest days of American aeronautical research, NASA has
studied the atmosphere and its influence upon flight. Turbulence, gusts,
and wind shears have posed serious dangers to air travelers, forc-
ing imaginative research and creative solutions. The work of NASA's
researchers to understand atmospheric behavior and NASA’s deriva-
tion of advanced detection and sensor systems that can be installed in
aircraft have materially advanced the safety and utility of air transport.

EFORE WORLD WAR Il, the National Advisory Committee for

Aeronautics (NACA), founded in 1915, performed most of America’s

institutionalized and systematic aviation research. The NACA’s
mission was “to supervise and direct the scientific study of the prob-
lems of flight with a view to their practical solution.” Among the most
serious problem it studied was that of atmospheric turbulence, a field
related to the Agency’s great interest in fluid mechanics and aerody-
namics in general. From the 1930s to the present, the NACA and its suc-
cessor—the National Aeronautics and Space Administration (NASA),
formed in 1958—concentrated rigorously on the problems of turbulence,
gusts, and wind shear. Midcentury programs focused primarily on gust
load and boundary-layer turbulence research. By the 1980s and 1990s,
NASA’s atmospheric turbulence and wind shear programs reached a
level of sophistication that allowed them to make significant contribu-
tions to flight performance and aircraft reliability. The aviation industry
integrated this NASA technology into planes bought by airlines and
the United States military. This research has resulted in an aviation
transportation system exponentially safer than that envisioned by the
pioneers of the early air age.

An Unsettled Sky
When laypeople think of the words “turbulence” and “aviation” together,
they probably envision the “bumpy air” that passengers are often
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subjected to on long-duration plane flights. But the term “turbulence”
has a particular technical meaning. Turbulence describes the motion
of a fluid (for, our purposes, air) that is characterized by chaotic, seem-
ingly random property changes. Turbulence encompasses fluctua-
tions in diffusion, convection, pressure, and velocity. When an aircraft
travels through air that experiences these changes, its passengers feel
the turbulence buffeting the aircraft. Engineers and scientists charac-
terize the degree of turbulence with the Reynolds number, a scaling
parameter identified in the 1880s by Osborne Reynolds at the University
of Manchester. Lower numbers denote laminar (smooth) flows, inter-
mediate values indicate transitional flows, and higher numbers are
characteristic of turbulent flow.!

A kind of turbulent airflow causes drag on all objects, including cars,
golf balls, and planes, which move through the air. A boundary layer is
“the thin reaction zone between an airplane [or missile] and its exter-
nal environment.” The boundary layer is separated from the contour of
a plane’s airfoil, or wing section, by only a few thousandths of an inch.
Air particles change from a smooth laminar flow near the leading edge
to a turbulent flow toward the airfoil’s rear.? Turbulent flow increases
friction on an aircraft’s skin and therefore increased surface heat while

slowing the speed of the aircraft because of the drag it produces.

Most atmospheric circulation on Earth causes some kind of turbu-
lence. One of the more common forms of atmospheric turbulence expe-
rienced by aircraft passengers is clear air turbulence (CAT), which is
caused by the mixing of warm and cold air in the atmosphere by wind,
often via the process of wind shear. Wind shear is a difference in wind
speed and direction over a relatively short distance in Earth’s atmosphere.
One engineer describes it as “any situation where wind velocity varies
sharply from point to point.”® Wind shears can have both horizontal and
vertical components. Horizontal wind shear is usually encountered near
coastlines and along fronts, while vertical wind shear appears closer to
Earth’s surface and sometimes at higher levels in the atmosphere, near
frontal zones and upper-level air jets.

1. James R. Hansen, Engineer in Charge: a History of the Langley Aeronautical laboraiory,
1917-1958, NASA SP-4305 (Washington, DC: GPO, 1987), p. 76.

2. Theodore von Karmén, Aerodynamics (New York: Dover Publications, 2004 ed.), pp. 86-91.
3. Terry Zweifel, "Optimal Guidance during a Windshear Encounter,” Scientific Honeyweller (Jan.

1989), p. 110.
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Large-scale weather events, such as weather fronts, often cause
wind shear. Weather fronts are boundaries between two masses of air
that have different properties, such as density, temperature, or mois-
ture. These fronts cause most significant weather changes. Substantial
wind shear is observed when the temperature difference across the
front is 9 degrees Fahrenheit (°F) or more and the front is moving at
30 knots or faster. Frontal shear is seen both vertically and horizontally
and can occur at any altitude between surface and tropopause, which
is the lowest portion of Earth’s atmosphere and contains 75 percent
of the atmosphere’s mass. Those who study the effects of weather on
aviation are concerned more with vertical wind shear above warm
fronts than behind cold fronts because of the longer duration of
warm fronts.*

The occurrence of wind shear is a microscale meteorological phe-
nomenon. This means that it usually develops over a distance of less
than 1 kilometer, even though it can emerge in the presence of large
weather patterns (such as cold fronts and squall lines). Wind shear
affects the movement of soundwaves through the atmosphere by bend-
ing the wave front, causing sounds to be heard where they normally
would not. A much more violent variety of wind shear can appear near
and within downbursts and microbursts, which may be caused by thun-
derstorms or weather fronts, particularly when such phenomena occur
near mountains. Vertical shear can form on the lee side of mountains
when winds blow over them. If the wind flow is strong enough, turbu-
lent eddies known as “rotors” may form. Such rotors pose dangers to
both ascending and descending aircraft.’

The microburst phenomenon, discovered and identified in the late
1970s by T. Theodore Fujita of the University of Chicago, involves highly
localized, short-lived vertical downdrafts of dense cool air that impact
the ground and radiate outward toward all points of the compass at
high speed, like a water stream from a kitchen faucet impacting a basin.®

4. Infegrated Publishing, “Meteorology: Low-level Wind Shear,” htip://www.tpub.com/
weather3/6-15.him,accessed July 25, 2009.

5. National Center for Aimospheric Research, “TREX: Catching the Sierra’s Waves and Rotors,”
hito://www.ucar.edu,/communications,/quarterly/spring06,/trex. jsp, accessed July 21, 2009.
6. T. Theodore Fujita, “The Downburst, Microburst, and Macroburst,” Satellite and Mesometeorol-
ogy Research Project [SMRP] Research Paper 210, Dept. of Geophysical Sciences, University of
Chicago, NTIS Report PB-148880 (1985).
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Speed and directional wind shear result at the three-dimensional
boundary’s leading edge. The strength of the vertical wind shear is
directly proportional to the strength of the outflow boundary. Typically,
microbursts are smaller than 3 miles across and last fewer than 15 min-
utes, with rapidly fluctuating wind velocity.”

Wind shear is also observed near radiation inversions (also called
nocturnal inversions), which form during rapid cooling of Earth’s sur-
face at night. Such inversions do not usually extend above the lower few
hundred feet in the atmosphere. Favorable conditions for this type of
inversion include long nights, clear skies, dry air, little or no wind, and
cold or snow-covered surfaces. The difference between the inversion
layer and the air above the inversion layer can be up to 90 degrees in
direction and 40 knots. It can occur overnight or the following morn-
ing. These differences tend to be strongest toward sunrise.®

The troposphere is the lowest layer of the atmosphere in which
weather changes occur. Within it, intense vertical wind shear can slow
or prevent tropical cyclone development. However, it can also coax thun-
derstorms into longer life cycles, worsening severe weather.’

Wind shear particularly endangers aircraft during takeoff and land-
ing, when the aircraft are at low speed and low altitude, and particularly
susceptible to loss of control. Microburst wind shear typically occurs
during thunderstorms but occasionally arises in the absence of rain

7. For microbursts and NASA research on them, see the recommended readings at the end of this
paper by Roland L. Bowles, Kelvin K. Droegemeier, Fred H. Proctor, Paul A. Robinson, Russell Targ,
and Dan D. Vicroy.

8. NASA has undertaken extensive research on wind shear, as evidenced by numerous reports
listed in the recommended readings section following this study. For infroduction fo the subject, see
NASA Langley Research Center, “Windshear," http://oea.larc.nasa.gov,/PAIS/Windshear. himl,
accessed July 30, 2009; Integrated Publishing, “Meterology: Low-level Wind Shear,” htfp://www.
toub.com/weather3/6-15.him, accessed July 25, 2009; Amos A. Spady, Jr., Roland L. Bowles,
and Herbert Schlickenmaier, eds., Airborne Wind Shear Detection and Warning Systems, Second
Combined Manufacturers and Technological Conference, two parts, NASA CP-10050 (1990);
U.S. National Academy of Sciences, Committee on Low-Altitude Wind Shear and Its Hazard to Avi-
ation, low Altitude Wind Shear and lis Hazard to Aviation (Washington, DC: National Academy
Press, 1983); and Dan D. Vicroy, “Influence of Wind Shear on the Aerodynamic Characteristics of
Airplanes,” NASA TP-2827 (1988).

Q. Department of Atmospheric Sciences, University of lllinoisChampaign, “Jet Stream,” hitp://
ww2010.atmos.uiuc.edu/%28Gh%29/guides/mtr/cyc/upa/jet.rxml, accessed July 25, 2009.
Lightning aspects of the thundersform risk are addressed in an essay by Barrett Tillman and

John Tillman in this volume.
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near the ground. There are both “wet” and “dry” microbursts. Before
the developing of forward-looking detection and evasion strategies, it
was a major cause of aircraft accidents, claiming 26 aircraft and 626
lives, with over 200 injured, between 1964 and 1985.1°

Another macro-level weather event associated with wind shear is an
upper-level jetstream, which contains vertical and horizontal wind shear
at its edges. Jetstreams are fast-flowing, narrow air currents found at cer-
tain areas of the tropopause. The tropopause is the transition between
the troposphere (the area in the atmosphere where most weather changes
occur and temperature decreases with height) and the stratosphere (the
area where temperature increases with height).!' A combination of atmo-
spheric heating (by solar radiation or internal planetary heat) and the
planet’s rotation on its axis causes jetstreams to form. The strongest jet-
streams on Earth are the polar jets (23,000-39,000 feet above sea level)
and the higher and somewhat weaker subtropical jets (33,000-52,000
feet). Both the northern and southern hemispheres have a polar jet and
a subtropical jet. Wind shear in the upper-level jetstream causes clear
air turbulence. The cold-air side of the jet, next to the jet’s axis, is where
CAT is usually strongest.'?

Although most aircraft passengers experience clear air turbulence
as a minor annoyance, this kind of turbulence can be quite hazard-
ous to aircraft when it becomes severe. It has caused fatalities, as in
the case of United Airlines Flight 826.12 Flight 826 took off from Narita
International Airport in Japan for Honolulu, HI, on December 28, 1997.

10. Statistic from Emedio M. Bracalente, C.L. Britt, and W.R. Jones, “Airborme Doppler Radar
Detection of Low Altitude VWindshear,” AIAA Paper 88-4657 (1988); see also Joseph R. Chambers,
Concept fo Reality: Contributions of the NASA langley Research Center to U.S. Civil Aircraft of the
1990s, NASA SP-2003-4529 (Washingfon, DC: GPO, 2003), p. 185; NASA Llangley Research
Center, "Windshear," hitp://oea.larc.nasa.gov,/PAIS/Windshear. himl, accessed July 30, 2009.
11. U.S. Department of Energy, "Ask a Scientist,” hitp://www.newton.dep.anl.gov/aas.him,
accessed Aug. 5, 2009.

12. BBC News, "Jet Streams in the UK," http://www.bbc.co.uk/weather/features/
understanding/jetstreams_uk.shiml, accessed July 30, 2009; M.P. de Villiers and J. van Heerden,
"Clear Air Turbulence Over South Africa,” Meteorological Applications, vol. 8 (2001), pp.
119-126; T.L Clark, W.D. Hall, et al., “Origins of AircraftDamaging Clear-Air Turbulence During
the @ December 1992 Colorado Downslope Windstorm: Numerical Simulations and Comparison
with Observations,” Journal of Atmospheric Sciences, vol. 57 (Apr. 2000), p. 20.

13. National Transportation Safety Board, “Aircraft Accident Investigation Press Release: United Air-

lines Flight 8206," htip://www.nisb.gov,/ Pressrel/ 1997,/971230.htm, accessed July 30, 2009.
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At 31,000 feet, 2 hours into the flight, the crew of the plane, a Boeing
747, received warning of severe clear air turbulence in the area. A few
minutes later, the plane abruptly dropped 100 feet, injuring many pas-
sengers and forcing an emergency return to Tokyo, where one passenger
subsequently died of her injuries.'* A low-level jetstream is yet another
phenomenon causing wind shear. This kind of jetstream usually forms
at night, directly above Earth’s surface, ahead of a cold front. Low-level
vertical wind shear develops in the lower part of the low-level jet. This
kind of wind shear is also known as nonconvective wind shear, because
it is not caused by thunderstorms.

The term “jetstream” is often used without further modification to
describe Earth’s Northern Hemisphere polar jet. This is the jet most
important for meteorology and aviation, because it covers much of
North America, Europe, and Asia, particularly in winter. The Southern
Hemisphere polar jet, on the other hand, circles Antarctica year-round. '
Commercial use of the Northern Hemisphere polar jet began November
18, 1952, when a Boeing 377 Stratocruiser of Pan American Airlines
first flew from Tokyo to Honolulu at an altitude of 25,000 feet. It cut
the trip time by over one-third, from 18 to 11.5 hours.!® The jetstream
saves fuel by shortening flight duration, since an airplane flying at high
altitude can attain higher speeds because it is passing through less-
dense air. Over North America, the time needed to fly east across the
continent can be decreased by about 30 minutes if an airplane can fly
with the jetstream but can increase by more than 30 minutes it must
fly against the jetstream.'?

Strong gusts of wind are another natural phenomenon affecting avi-
ation. The National Weather Service reports gusts when top wind speed
reaches 16 knots and the variation between peaks and lulls reaches 9
knots.'® A gust load is the wind load on a surface caused by gusts.

14. Aviation Safety Network, "ASN Aircraft accident Boeing 747 Tokyo,” htip://aviation-safely.
net/database,/ record.php?id=19971228-0, accessed July 4, 2009.

15. U.S. Department of Energy, "Ask a Scientist,” hitp://www.newton.dep.anl.gov/aas.him,
accessed Aug. 20, 2009.

16. M.D. Klags, “Stratocruiser: Part Three,” Air Classics (June 2000), at htip://findarticles.com/p/
articles/mi_ga3901/is_200006,/ai_n8911736,/pg_2/, accessed July 8, 2009.

17. Ned Rozell, Alaska Science Forum, “Amazing flying machines allow time travel,” htfp://www.
gi.alaska.edu/Scienceforum/ASF17/1727 himl, accessed July 8, 2009.

18. U.S. Weather Service, “Wind Gust," htip://www.weather.gov,/forecasts/wifo/definitions,/
defineWindGust.himl, accessed Aug. 1, 2009.
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Otto Lilienthal, the greatest of pre-Wright flight researchers, in flight. National Air and
Space Museum.

The more physically fragile a surface, the more danger a gust load
will pose. As well, gusts can have an upsetting effect upon the aircraft’s
flightpath and attitude.

Initial NACA-NASA Research
Sudden gusts and their effects upon aircraft have posed a danger to
the aviator since the dawn of flight. Otto Lilienthal, the inventor of the
hang glider and arguably the most significant aeronautical researcher
before the Wright brothers, sustained fatal injuries in an 1896 accident,
when a gust lifted his glider skyward, died away, and left him hanging
in a stalled flight condition. He plunged to Earth, dying the next day,
his last words reputedly being “Opfer miissen gebracht werden”—or

“Sacrifices must be made.”"®
NASAS’ interest in gust and turbulence research can be traced to
the earliest days of its predecessor, the NACA. Indeed, the first NACA

19. Richard P. Hallion, Taking Flight: Inventing the Aerial Age from Antiquity Through the First World
War (New York: Oxford University Press, 2003), p. 161.
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technical report, issued in 1917, examined the behavior of aircraft in
gusts.?’ Over the first decades of flight, the NACA expanded its interest
in gust research, looking at the problems of both aircraft and lighter-
than-air airships. The latter had profound problems with atmospheric
turbulence and instability: the airship Shenandoah was torn apart over
Ohio by violent stormwinds; the Akron was plunged into the Atlantic,
possibly from what would now be considered a microburst; and the
Macon was doomed when clear air turbulence ripped off a vertical fin
and opened its gas cells to the atmosphere. Dozens of airmen lost their
lives in these disasters.?!

During the early part of the interwar years, much research on
turbulence and wind behavior was undertaken in Germany, in con-
junction with the development of soaring, and the long-distance and long-
endurance sailplane. Conceived as a means of preserving German
aeronautical skills and interest in the wake of the Treaty of Versailles,
soaring evolved as both a means of flight and a means to study atmo-
spheric behavior. No airman was closer to the weather, or more depen-
dent upon an understanding of its intricacies, than the pilot of a sailplane,
borne aloft only by thermals and the lift of its broad wings. German
soaring was always closely tied to the nation’s excellent technical insti-
tutes and the prestigious aerodynamics research of Ludwig Prandtl and
the Prandtl school at Géttingen. Prandtl himself studied thermals, pub-
lishing a research paper on vertical air currents in 1921, in the earliest
years of soaring development.?? One of the key figures in German sail-
plane development was Dr. Walter Georgii, a wartime meteorologist who
headed the postwar German Research Establishment for Soaring Flight
(Deutsche Forschungsanstalt fiir Segelflug ([DFS]). Speaking before

20. J.C. Hunsaker and Edwin Bidwell Wilson, “Report on Behavior of Aeroplanes in Gusts,” NACA
TR-1 (1917); see also Edwin Bidwell Wilson, “Theory of an Airplane Encountering Gusts,” pis. Il
and lll, NACA TR-21 and TR-27 (1918).

21. For an example of NACA research, see C.P. Burgess, “Forces on Airships in Gusts,” NACA
TR-204 (1925). These—and other—airship disasfers are defailed in Douglas A. Robinson, Giants in
the Sky: A History of the Rigid Airship (Seatfle: University of Washington Press, 1973).

22. Ludwig Prandil, “Some Remarks Concerning Soaring Flight,” NACA Technical Memorandum
No. 47 (Oct. 1921), a translation of a German study; Howard Siepen, “On the Wings of the
Wind," The National Geographic Magazine, vol. 55, no. 6 (June 1929), p. 755. For an example
of later research, see Max Kramer, “Increase in the Maximum Lift of an Airplane Wing due fo a
Sudden Increase in its Effective Angle of Attack Resulting from a Gust,” NACA TM-678 (1932), a
translation of a German study.
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Britain’s Royal Aeronautical Society, he proclaimed, “Just as the mas-
ter of a great liner must serve an apprenticeship in sail craft to learn
the secret of sea and wind, so should the air transport pilot practice
soaring flights to gain wider knowledge of air currents, to avoid their
dangers and adapt them to his service.”?* His DFS championed weather
research, and out of German soaring, came such concepts as thermal
flying and wave flying. Soaring pilot Max Kegel discovered firsthand the
power of storm-generated wind currents in 1926. They caused his sail-
plane to rise like “a piece of paper that was being sucked up a chimney,”
carrying him almost 35 miles before he could land safely.?* Used dis-
cerningly, thermals transformed powered flight from gliding to soaring.
Pioneers such as Gunter Gronhoff, Wolf Hirth, and Robert Kronfeld set
notable records using combinations of ridge lift and thermals. On July
30, 1929, the courageous Gronhoff deliberately flew a sailplane with a
barograph into a storm, to measure its turbulence; this flight anticipated
much more extensive research that has continued in various nations.?

The NACA first began to look at thunderstorms in the 1930s. During
that decade, the Agency’s flagship laboratory—the Langley Memorial
Aeronautical Laboratory in Hampton, VA—performed a series of tests
to determine the nature and magnitude of gust loadings that occur in
storm systems. The results of these tests, which engineers performed in
Langley’s signature wind tunnels, helped to improve both civilian and
military aircraft.?® But wind tunnels had various limitations, leading
to use of specially instrumented research airplanes to effectively use
the sky as a laboratory and acquire information unobtainable by tradi-
tional tunnel research. This process, most notably associated with the
post-World War IT X-series of research airplanes, led in time to such
future NASA research aircraft as the Boeing 737 “flying laboratory” to
study wind shear. Over subsequent decades, the NACA' successor, NASA,

23. Walter Georgii, “Ten Years” Gliding and Soaring in Germany,” Journal of the Royal Aeronauti-
cal Society, vol. 34, no. 237 (Sept. 1930), p. 746.

24. Siepen, "On the Wings of the Wind," p. 771.

25. Ibid., pp. 735-741; see dlso B.S. Shenstone and S. Scott Hall's “Clider Development in Ger-
many: A Technical Survey of Progress in Design in Germany Since 1922," NACA TM No. 780
(Nov. 1935), pp. 6-8.

26. See also James R. Hansen, Engineer in Charge: A History of the Langley Aeronautical Labora-
fory, 1917-1958, NASA SP-4305 (Washington, DC: GPO, 1987), p. 181; and Hansen, The
Bird is on the Wing: Aerodynamics and the Progress of the American Airplane (College Station, TX:
Texas A&M University Press, 2003), p. 73.
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would perform much work to help planes withstand turbulence, wind
shear, and gust loadings.

From the 1930s to the 1950s, one of the NACA's major areas of
research was the nature of the boundary layer and the transition from
laminar to turbulent flow around an aircraft. But Langley Laboratory
also looked at turbulence more broadly, to include gust research and
meteorological turbulence influences upon an aircraft in flight. During
the previous decade, experimenters had collected measurements of
pressure distribution in wind tunnels and flight, but not until the early
1930s did the NACA begin a systematic program to generate data that
could be applied by industry to aircraft design, forming a committee
to oversee loads research. Eventually, in the late 1930s, Langley cre-
ated a separate structures research division with a structures research
laboratory. By this time, individuals such as Philip Donely, Walter Walker,
and Richard V. Rhode had already undertaken wideranging and influ-
ential research on flight loads that transformed understanding about
the forces acting on aircraft in flight. Rhode, of Langley, won the Wright
Brothers Medal in 1935 for his research of gust loads. He pioneered the
undertaking of detailed assessments of the maneuvering loads encoun-
tered by an airplane in flight. As noted by aerospace historian James
Hansen, his concept of the “sharp edge gust” revised previous think-
ing of gust behavior and the dangers it posed, and it became “the back-
bone for all gust research.”?” NACA gust loads research influenced the
development of both military and civilian aircraft, as did its research
on aerodynamic-induced flight-surface flutter, a problem of particu-
lar concern as aircraft design transformed from the era of the biplane
to that of the monoplane. The NACA also investigated the loads and
stresses experienced by combat aircraft when undertaking abrupt
rolling and pullout maneuvers, such as routinely occurred in aerial dog-
fighting and in dive-bombing.?® A dive bomber encountered particularly
punishing aerodynamic and structural loads as the pilot executed a
pullout: abruptly recovering the airplane from a dive and resulting in it

27.lbid., p. 73; for Rhode's work on maneuver loads, see R.V. Rhode, “The Pressure Distribution
over the Horizontal and Vertical Tail Surfaces of the F6C-4 Pursuit Airplane in Violent Maneuvers,”
NACA TR:307 {1929).

28. For example, C.H. Dearborn and H.W. Kirschbaum, "Maneuverability Investigation of the
F6C-3 Airplane with Special Flight Instruments,” NACA TR-369 (1932); and Philip Donely and
Henry A. Pearson, “Flight and Wind-Tunnel Tests of an XBM-1 Dive Bomber,” NACA TN-644 (1938).
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swooping back into the sky. Researchers developed charts showing
the relationships between dive angle, speed, and the angle required
for recovery. In 1935, the Navy used these charts to establish design
requirements for its dive bombers. The loads program gave the American
aeronautics community a much better understanding of load distributions
between the wing, fuselage, and tail surfaces of aircraft, including high-
performance aircraft, and showed how different extreme maneuvers
“loaded” these individual surfaces.

In his 1939 Wilbur Wright lecture, George W. Lewis, the NACA's
legendary Director of Aeronautical Research, enumerated three major
questions he believed researchers needed to address:

¢ What is the nature or structure of atmospheric gusts?
¢  How do airplanes react to gusts of known structure?
¢ What is the relation of gusts to weather conditions??

Answering these questions, posed at the close of the biplane era,
would consume researchers for much of the next six decades, well into
the era of jet airliners and supersonic flight.

The advent of the internally braced monoplane accelerated inter-
est in gust research. The long, increasingly thin, and otherwise unsup-
ported cantilever wing was susceptible to load-induced failure if not
well-designed. Thus, the stresses caused by wind gusts became an essen-
tial factor in aircraft design, particularly for civilian aircraft. Building
on this concern, in 1943, Philip Donely and a group of NACA research-
ers began design of a gust tunnel at Langley to examine aircraft loads
produced by atmospheric turbulence and other unpredictable flow
phenomena and to develop devices that would alleviate gusts. The tun-
nel opened in August 1945. It utilized a jet of air for gust simulation,
a catapult for launching scaled models into steady flight, curtains for
catching the model after its flight through the gust, and instruments for
recording the model’s responses. For several years, the gust tunnel was
useful, “often [revealing] values that were not found by the best known
methods of calculation . . . in one instance, for example, the gust
tunnel tests showed that it would be safe to design the airplane for
load increments 17 to 22 percent less than the previously accepted

29. George W. Gray, Frontiers of Flight: the Story of NACA Research [New York: Alfred A. Knopf,
1948], p. 173.
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The experimental Boeing XB-15 bomber was instrumented by the NACA to acquire gustinduced
structural loads data. NASA.

values.”?® As well, gust researchers took to the air. Civilian aircraft—
such as the Aeronca C-2 light, general-aviation airplane, Martin M-130
flying boat, and the Douglas DC-2 airliner—and military aircraft,
such as the Boeing XB-15 experimental bomber, were outfitted with
special loads recorders (so-called “v-g recorders,” developed by the
NACA). Extensive records were made on the weather-induced loads
they experienced over various domestic and international air routes.3!
This work was refined in the postwar era, when new generations
of long-range aircraft entered air transport service and were also
instrumented to record the loads they experienced during routine airline

30. Ibid., p. 174; Hansen, Engineer in Charge, p. 468. NACA researchers created the gust
tunnel to provide information o verify basic concepts and theories. It ulimately became obsolete
because of ifs low Reynolds and Mach number capabilities. After being used as a low-velocity
instrument laboratory and noise research facility, the gust tunnel was dismantled in 1965.

31. Philip Donely, “Effective Gust Structure at Low Altitudes as Determined from the Reactions

of an Airplane,” NACA TR-692 (1940); Walter G. Walker, “Summary of V-G Records Taken

on Transport Airplanes from 1932 to 1942,” NACA WRL-453 (1942); Donely, “Frequency of
Occurrence of Aimospheric Gusts and of Related Loads on Airplane Structures,” NACA WRL-121
[1944); Walker, “An Analysis of the Airspeeds and Normal Accelerations of Martin M-130 Air-
planes in Commercial Transport Operation,” NACA TN-1693 (1948); and Walker, "An Analysis
of the Airspeed and Normal Accelerations of Douglas DC-2 Airplanes in Commercial Transport

Operations,” NACA TN-1754 (1948).
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operation.’? Gust load effects likewise constituted a major aspect of early
transonic and supersonic aircraft testing, for the high loads involved in
transiting from subsonic to supersonic speeds already posed a serious
challenge to aircraft designers. Any additional loading, whether from
a wind gust or shear, or from the blast of a weapon (such as the over-
pressure blast wave of an atomic weapon), could easily prove fatal to an
already highly loaded aircraft.’®* The advent of the long-range jet bomber
and transport—a configuration typically having a long and relatively
thin swept wing, and large, thin vertical and horizontal tail surfaces—
added further complications to gust research, particularly because the
penalty for an abrupt gust loading could be a fatal structural failure.
Indeed, on one occasion, while flying through gusty air at low altitude,
a Boeing B-52 lost much of its vertical fin, though fortunately, its crew
was able to recover and land the large bomber.3*

The emergence of long-endurance, high-altitude reconnaissance
aircraft such as the Lockheed U-2 and Martin RB-57D in the 1950s and
the long-range ballistic missile further stimulated research on high-
altitude gusts and turbulence. Though seemingly unconnected, both
the high-altitude jet airplane and the rocket-boosted ballistic missile
required understanding of the nature of upper atmosphere turbulence
and gusts. Both transited the upper atmospheric region: the airplane
cruising in the high stratosphere for hours, and the ballistic missile

32. Donely, “Summary of Information Relating to Gust Loads on Airplanes,” NACA TR-997 (1950);
Walker, “Gust Loads and Operating Airspeeds of One Type of FourEngine Transport Airplane on
Three Routes from 1949 1o 1953," NACA TN-3051 (1953); and Kermit G. Pratt and Walker, “A
Revised Gustload Formula and a Re-Evaluation of V-G Data Taken on Civil Transport Airplanes from
1933 1o 1950," NACA TR-1206 (1954).

33. For example, E.T. Binckley and Jack Funk, “A Flight Invesfigation of the Effects of Compressibility on
Applied Gust Loads,” NACA TN-1937 (1949); and Harvard Lomax, “Lift Developed on Unrestrained
Rectangular Wings Entering Gusts at Subsonic and Supersonic Speeds,” NACA TN-2925 (1953).
34. Jack Funk and Richard H. Rhyne, “An Investigation of the Loads on the Vertical Tail of a Jet
Bomber Airplane Resulting from Flight Through Rough Air,” NACA TN-3741 (1956); Philip Donely,
“Safe Flight in Rough Air,” NASA TMX-51662 (1964); W.H. Andrews, S.P. Buchart, T.R. Sisk, and
D.L. Hughes, "Flight Tests Related to JetTransport Upset and Turbulent-Air Penetration,” and R.S. Bray
and WL.E. Larsen, "Simulator Investigations of the Problems of Flying a SweptWing Transport Aircraft
in Heavy Turbulence,” both in NASA LRC, Conference on Aircraft Operating Problems, NASA SP-
83 (1965); M. Sadoff, R.S. Bray, and W.H. Andrews, “Summary of NASA Research on Jet Trans-
port Control Problems in Severe Turbulence,” AIAA Paper 65-330 [1965); and Richard J. Wasicko,
"NASA Research Experience on Jet Aircraft Control Problems in Severe Tutbulence,” NASA TM:X-
60179 (1966).
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or space launch vehicle transiting through it within seconds on its
way into space. Accordingly, from early 1956 through December 1959,
the NACA, in cooperation with the Air Weather Service of the U.S. Air
Force, installed gust load recorders on Lockheed U-2 strategic reconnais-
sance aircraft operating from various domestic and overseas locations,
acquiring turbulence data from 20,000 to 75,000 feet over much of the
Northern Hemisphere. Researchers concluded that the turbulence
problem would not be as severe as previous estimates and high-altitude
balloon studies had indicated.

High-altitude loitering aircraft such as the U-2 and RB-57 were
followed by high-altitude, high-Mach supersonic cruise aircraft
in the early to mid-1960s, typified by Lockheed’s YF-12A Blackbird
and North American’s XB-70A Valkyrie, both used by NASA as Mach
3+ Supersonic Transport (SST) surrogates and supersonic cruise
research testbeds. Test crews found their encounters with high-
altitude gusts at supersonic speeds more objectionable than their
exposure to low-altitude gusts at subsonic speeds, even though the given
g-loading accelerations caused by gusts were less than those experi-
enced on conventional jet airliners.?® At the other extreme of aircraft
performance, in 1961, the Federal Aviation Agency (FAA) requested
NASA assistance to document the gust and maneuver loads and
performance of general-aviation aircraft. Until the program was
terminated in 1982, over 35,000 flight-hours of data were assembled
from 95 airplanes, representing every category of general-aviation
airplane, from single-engine personal craft to twin-engine business
airplanes and including such specialized types as crop-dusters and
aerobatic aircraft.’’

35. Thomas L. Coleman and Emilie C. Coe, "Airplane Measurements of Aimospheric Turbulence for
Altitudes Between 20,000 and 55,000 Feet Over the Western part of the United States,” NACA
RML57G02 (1957); and Thomas L. Coleman and Roy Steiner, “Atmospheric Turbulence Measure-
ments Obtained from Airplane Operations at Altitudes Between 20,000 and 75,000 Feet for
Several Areas in the Northern Hemisphere,” NASA TN-D-548 (1960).

306. Eldon E. Kordes and Betty J. Love, “Preliminary Evaluation of XB-70 Airplane Encounters with
High-Altitude Turbulence,” NASA TN-D-4209 (1967); LJ. Ehernberger and Betty J. Love, "High Alti
tude Gust Acceleration Environment as Experienced by a Supersonic Airplane,” NASA TN-D-7868
[1975). NASA's supersonic cruise flight test research is the subject of an accompanying essay in this
volume by William Flanagan, a former Air Force Blackbird navigator.

37. Joseph W. Jewel, Jr., “Tabulations of Recorded Gust and Maneuver Accelerations and Derived
Gust Velocities for Airplanes in the NSA VGH General Aviation Program,” NASA TM-84660 (1983).
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Along with studies of the upper atmosphere by direct measurement
came studies on how to improve turbulence detection and avoidance,
and how to measure and simulate the fury of turbulent storms. In 1946-
1947, the U.S. Weather Bureau sponsored a study of turbulence as part
of a thunderstorm study project. Out of this effort, in 1948, research-
ers from the NACA and elsewhere concluded that ground radar, if prop-
erly used, could detect storms, enabling aircraft to avoid them. Weather
radar became a common feature of airliners, their once-metal nose caps
replaced by distinctive black radomes.3® By the late 1970s, most wind
shear research was being done by specialists in atmospheric science, geo-
physical scientists, and those in the emerging field of mesometeorology—
the study of small atmospheric phenomena, such as thunderstorms and
tornadoes, and the detailed structure of larger weather events.* Although
turbulent flow in the boundary layer is important to study in the laboratory,
the violent phenomenon of microburst wind shear cannot be sufficiently
understood without direct contact, investigation, and experimentation.*

Microburst loadings constitute a threat to aircraft, particularly dur-
ing approach and landing. No one knows how many aircraft accidents
have been caused by wind shear, though the number is certainly con-
siderable. The NACA had done thunderstorm research during World
War II, but its instrumentation was not nearly sophisticated enough
to detect microburst (or thunderstorm downdraft) wind shear. NASA
would join with the FAA in 1986 to systematically fight wind shear
and would only have a small pool of existing wind shear research data
from which to draw.*!

38. Robert W. Miller, “The Use of Airborne Navigational and Bombing Radars for WeatherRadar
Operations and Verifications,” Bulletin of the American Meteorological Society, vol. 28, no. 1 (jan.
1947), pp. 19-28; H. Press and E.T. Binckley, “A Preliminary Evaluation of the Use of Ground
Radar for the Avoidance of Turbulent Clouds,” NACA TN-1864 (19438).

39. W. Frost and B. Crosby, “Invesfigations of Simulated Aircraft Flight Through Thunderstorm
Outflows,” NASA CR-3052 (1978); Norbert Didden and Chi-Minh Ho, Department of Aerospace
Engineering, University of Southern California, “Unsteady Separation in a Boundary Layer Produced
by an Impinging Jet,” Journal of Fluid Mechanics, vol. 160 (1985), pp. 235-236.

40. See, for example, Paul A. Robinson, Roland L. Bowles, and Russell Targ, “The Detection and
Measurement of Microburst Wind Shear by an Airborne Lidar System,” NASA [RC, NTRS Report
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The Lockheed L-1011 TriStar uses smoke generators to show its strong wing vortex flow

patterns in 1977. NASA.
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A revealing view taken down the throat of a wingtip vortex, formed by a low-flying crop-
duster. NASA.

Wind Shear Emerges as an Urgent Aviation Safety Issue

In 1972, the FAA had instituted a small wind shear research program,
with emphasis upon developing sensors that could plot wind speed and
direction from ground level up to 2,000 feet above ground level (AGL).
Even so, the agency’s major focus was on wake vortex impingement.
The powerful vortexes streaming behind newer-generation wide-body
aircraft could—and sometimes did—flip smaller, lighter aircraft out
of control. Serious enough at high altitude, these inadvertent excur-
sions could be disastrous if low over the ground, such as during landing
and takeoff, where a pilot had little room to recover. By 1975, the FAA
had developed an experimental Wake Vortex Advisory System, which it
installed later that year at Chicago’s busy O’'Hare International Airport.
NASA undertook a detailed examination of wake vortex studies, both in
tunnel tests and with a variety of aircraft, including the Boeing 727 and
747, Lockheed L-1011, and smaller aircraft, such as the Gates Learjet,
helicopters, and general-aviation aircraft.
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But it was wind shear, not wake vortex impingement, which grew
into a major civil aviation concern, and the onset came with stunning
and deadly swiftness.*> Three accidents from 1973 to 1975 highlighted
the extreme danger it posed. On the afternoon of December 17, 1973,
while making a landing approach in rain and fog, an Iberia Airlines
McDonnell-Douglas DC-10 wide-body abruptly sank below the glide-
slope just seconds before touchdown, impacting amid the approach
lights of Runway 33L at Boston’s Logan Airport. No one died, but the
crash seriously injured 16 of the 151 passengers and crew. The subse-
quent National Transportation Safety Board (NTSB) report determined

“that the captain did not recognize, and may have been unable to recog-
nize an increased rate of descent” triggered “by an encounter with a low-
altitude wind shear at a critical point in the landing approach.”* Then,
on June 24, 1975, Eastern Air Lines’ Flight 66, a Boeing 727, crashed on
approach to John F. Kennedy International Airport’s Runway 221L. This
time, 113 of the 124 passengers and crew perished. All afternoon, flights
had encountered and reported wind shear conditions, and at least one
pilot had recommended closing the runway. Another Eastern captain,
flying a Lockheed L-1011 TriStar, prudently abandoned his approach
and landed instead at Newark. Shortly after the L-1011 diverted, the EAL
Boeing 727 impacted almost a half mile short of the runway threshold,
again amid the approach lights, breaking apart and bursting into flames.
Again, wind shear was to blame, but the NTSB also faulted Kennedy’s
air traffic controllers for not diverting the 727 to another runway, after
the EAL TriStar’s earlier aborted approach.*

Just weeks later, on August 7, Continental Flight 426, another
Boeing 727, crashed during a stormy takeoff from Denver’s Stapleton

42. William J. Cox, “"The Multi-Dimensional Nature of Wind Shear Investigations,” in Sociefy of
Experimental Test Pilots, 1976 Report o the Aerospace Profession: Proceedings of the Twentieth
Symposium of The Society of Experimental Test Pilots, Beverly Hills, CA, Sept. 22-25, 1976, vol.
13, no. 2 (Lancaster, CA: Society of Experimental Test Pilots, 1976).

43. National Transportation Safety Board, “Aircraft Accident Report: Iberia Lineas Aereas de
Espaiia (lberian Airlines), McDonnellDouglas DC-10-30, EC CBN, Logan International Airport,
Boston, Massachusetts, December 17, 1973,” Report NTSB-AAR-74-14 (Nov. 8, 1974).

44. "Aviation: A Fatal Case of Wind Shear,” Time (July 7, 1975); National Transportafion

Safety Board, "Aircraft Accident Report: Eastern Air Lines Inc. Boeing 727-225, N8845E,

John F. Kennedy Infernational Airport, Jamaica, New York, June 14, 1975," Report NTSB-AAR-76-8
[Mar. 12, 1976); Edmund Preston, Troubled Passage: The Federal Aviation Adminisiration during
the Nixon-Ford Term, 1973-1977 (Washington, DC: FAA, 1987), p. 197.
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International Airport. Just as the airliner began its climb after lifting off
the runway, the crewmembers encountered a wind shear so severe that
they could not maintain level flight despite application of full power and
maintenance of a flight attitude that ensured the wings were produc-
ing maximum lift.*> The plane pancaked in level attitude on flat, open
ground, sustaining serious damage. No lives were lost, though 15 of the
134 passengers and crew were injured.

Less than a year later, on June 23, 1976, Allegheny Airlines Flight
121, a Douglas DC-9 twin-engine medium-range jetliner, crashed dur-
ing an attempted go-around at Philadelphia International Airport. The
pilot, confronting “severe horizontal and vertical wind shears near the
ground,” abandoned his landing approach to Runway 27R. As controllers
in the airport tower watched, the straining DC-9 descended in a nose-
high attitude, pancaking onto a taxiway and sliding to a stop. The fact
that it hit nose-high, wings level, and on flat terrain undoubtedly saved
lives. Even so, 86 of the plane’s 106 passengers and crew were seriously
injured, including the entire crew.*

In these cases, wind shear brought about by thunderstorm down-
drafts (microbursts), rather than the milder wind shear produced by gust
fronts, caused these accidents. This led to a major reinterpretation of the
wind shear-causing phenomena that most endangered low-flying planes.
Before these accidents, meteorologists believed that gust fronts, or the
leading edge of a large dome of rain-cooled air, provided the most danger-
ous sources of wind shear. Now, using data gathered from the planes that
had crashed and from weather radar, scientists, engineers, and designers
came to realize that the small, focused, jet-like downdraft columns charac-
teristic of microbursts produced the most threatening kind of wind shear.*’

Microburst wind shear poses an insidious danger for an aircraft.
An aircraft landing will typically encounter the horizontal outflow of a
microburst as a headwind, which increases its lift and airspeed, tempting

45. U.S. National Transportation Safety Board, “Aircraft Accident Report: Confinental Airlines Inc,
Boeing 727-224, N88777, Stapleton Infernational Airport, Denver, Colorado, August 7, 1975,"
Report NTSB-AAR76-14 (May 5, 1976).

46. National Transportation Safety Board, "Aircraft Accident Report: Allegheny Aiirlines, Inc., Douglas
DCQ, N994V), Philadelphia, Pennsylvania, June 23, 1976," Report NTSB-AAR-78-2 (jan. 19, 1978).
47 . For various perspectives on the multiagency research spawned by these accidents, see Amos
A. Spady, Jr., Roland L. Bowles, and Herbert Schlickenmaier, eds., Airborne Wind Shear Defection
and Warning Systems, Second Combined Manufacturers and Technological Conference, two parts,

NASA CP-10050 (1990).
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Fateful choice: confronting the microburst threat. Richard P. Hallion.

the pilot to reduce power. But then the airplane encounters the descend-
ing vertical column as an abrupt downdraft, and its speed and altitude
both fall. As it continues onward, it will exit the central downflow and
experience the horizontal outflow, now as a tailwind. At this point, the
airplane is already descending at low speed. The tailwind seals its fate,
robbing it of even more airspeed and, hence, lift. It then stalls (that
is, loses all lift) and plunges to Earth. As NASA testing would reveal,
professional pilots generally need between 10 to 40 seconds of warning
to avoid the problems of wind shear.*?

Goaded by these accidents and NTSB recommendations that the
FAA improve its weather advisory and runway selection procedures,
“step up research on methods of detecting the [wind shear] phenome-
non,” and develop aircrew wind shear training process, the FAA man-
dated installation at U.S. airports of a new Low-Level Windshear Alert
System (LLWAS), which employed acoustic Doppler radar, technically
similar to the FAAs Wake Vortex Advisory System installed at O’'Hare.*
The LLWAS incorporated a variety of equipment that measured wind
velocity (wind speed and direction). This equipment included a mas-
ter station, which had a main computer and system console to moni-
tor LLWAS performance, and a transceiver, which transmitted signals

48. NASA langley Research Center, “Windshear,” htip://oea.larc.nasa.gov,/PAIS/Windshear.
himl, accessed July 30, 2009.
49. Preston, Troubled Passage, p. 197.
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to the system’s remote stations. The master station had several visual
computer displays and auditory alarms for aircraft controllers. The
remote stations had wind sensors made of sonic anemometers mounted
on metal pipes. Each remote station was enclosed in a steel box with a
radio transceiver, power supplies, and battery backup. Every airport out-
fitted with this system used multiple anemometer stations to effectively
map the nature of wind events in and around the airport’s runways.>°

At the end of March 1981, over 70 representatives from NASA, the
FAA, the military, the airline community, the aerospace industry, and aca-
demia met at the University of Tennessee Space Institute in Tullahoma
to explore weather-related aviation issues. Out of that came a list of
recommendations for further joint research, many of which directly
addressed the wind shear issue and the need for better detection and
warning systems. As the report summarized:

1. There is a critical need to increase the data base for wind
and temperature aloft forecasts both from a more fre-
quent updating of the data as well as improved accuracy
in the data, and thus, also in the forecasts which are
used in flight planning. This will entail the development
of rational definitions of short term variations in inten-
sity and scale length (of turbulence) which will result
in more accurate forecasts which should also meet the
need to improve numerical forecast modeling require-
ments relative to winds and temperatures aloft.

2. The development of an on-board system to detect wind
induced turbulence should be beneficial to meeting
the requirement for an investigation of the subjective
evaluation of turbulence “feel” as a function of motion
drive algorithms.

3. More frequency reporting of wind shift in the terminal
area is needed along with greater accuracy in forecasting.

4. There is a need to investigate the effects of unequal wind
components acting across the span of an airfoil.

50. Ibid., pp. 197-198; Cox, "Multi-Dimensional Nature,” pp. 141-142. Anemometers are fools
that originated in the late Middle Ages and measure wind speed. The first anemometer, a deflection
anemometer, was developed by leonardo da Vinci. Several new varieties, including cup, pressure,

and sonic anemometers, have emerged in the intervening centuries.
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The FAA Simulator Certification Division should
monitor the work to be done in conjunction with the
JAWS project relative to the effects of wind shear on air-
craft performance.

Robert Steinberg’s ASDAR effort should be utilized as
soon as possible, in fact it should be encouraged or
demanded as an operational system beneficial for flight
planning, specifically where winds are involved.

There is an urgent need to review the way pilots are
trained to handle wind shear. The present method, as
indicated in the current advisory circular, of immedi-
ately pulling to stick shaker on encountering wind shear
could be a dangerous procedure. It is suggested the cir-
cular be changed to recommend the procedure to hold at
whatever airspeed the aircraft is at when the pilot real-
izes he is encountering a wind shear and apply maxi-
mum power, and that he not pull to stick shaker except
to flare when encountering ground effect to minimize
impact or to land successfully or to effect a go-around.
Need to develop a clear non-technical presentation of
wind shear which will help to provide improved train-
ing for pilots relative to wind shear phenomena. Such
training is of particular importance to pilots of high per-
formance, corporate, and commercially used aircraft.
Need to develop an ICAO type standard terminology for
describing the effects of windshear on flight performance.
The ATC system should be enhanced to provide opera-
tional assistance to pilots regarding hazardous weather
areas and in view of the envisioned controller workloads
generated, perfecting automated transmissions contain-
ing this type of information to the cockpit as rapidly and
as economically as practicable.

In order to improve the detection in real time of haz-
ardous weather, it is recommended that FAA, NOAA,
NWS, and DOD jointly address the problem of fragmen-
tal meteorological collection, processing, and dissem-
ination pursuant to developing a system dedicated to
making effective use of perishable weather information.
Coupled with this would be the need to conduct a cost
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benefit study relative to the benefits that could be real-
ized through the use of such items as a common winds
and temperature aloft reporting by use of automated
sensors on aircraft.

Develop a capability for very accurate four to six min-
ute forecasts of wind changes which would require ter-
minal reconfigurations or changing runways.

Due to the inadequate detection of clear air turbulence
an investigation is needed to determine what has hap-
pened to the promising detection systems that have been
reported and recommended in previous workshops.
Improve the detection and warning of windshear
by developing on-board sensors as well as continuing
the development of emerging technology for ground-
based sensors.

Need to collect true three and four dimensional wind
shear data for use in flight simulation programs.
Recommend that any systems whether airborne or
ground based that can provide advance or immediate
alert to pilots and controllers should be pursued.

Need to continue the development of Doppler radar tech-
nology to detect the wind shear hazard, and that this be
continued at an accelerated pace.

Need for airplane manufacturers to take into consid-
eration the effect of phenomena such as microbursts
which produce strong periodic longitudinal wind
perturbations at the aircraft phugoid frequency.
Consideration should be given, by manufacturers, to
consider gust alleviation devices on new aircraft to pro-
vide a softer ride through turbulence.

Need to develop systems to automatically detect haz-
ardous weather phenomena through signature recog-
nition algorithms and automatically data linking alert
messages to pilots and air traffic controllers.>!

CP-2192 (1981).
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Given the subsequent history of NASA’ research on the wind shear
problem (and others), many of these recommendations presciently
forecast the direction of Agency and industry research and develop-
ment efforts.

Unfortunately, that did not come in time to prevent yet another series
of microburst-related accidents. That series of catastrophes effectively
elevated microburst wind shear research to the status of a national air
safety emergency. By the early 1980s, 58 U.S. airports had installed
LLWAS. Although LLWAS constituted a great improvement over verbal
observations and warnings by pilots communicated to air traffic control-
lers, LLWAS sensing technology was not mature or sophisticated enough
to remedy the wind shear threat. Early LLWAS sensors were installed
without fullest knowledge of microburst characteristics. They were usu-
ally installed in too-few numbers, placed too close to the airport (instead
of farther out on the approach and departure paths of the runways),
and, worst, were optimized to detect gust fronts (the traditional pre-
Fujita way of regarding wind shear)—not the columnar downdrafts and
horizontal outflows characteristic of the most dangerous shear flows.
Thus, wind shear could still strike, and viciously so.

On July 9, 1982, Clipper 759, a Pan American World Airways Boeing
727, took off from the New Orleans airport amid showers and “gusty,
variable, and swirling” winds.>? Almost immediately, it began to descend,
having attained an altitude of no more than 150 feet. It hit trees, con-
tinued onward for almost another half mile, and then crashed into res-
idential housing, exploding in flames. All 146 passengers and crew died,
as did 8 people on the ground; 11 houses were destroyed or “substan-
tially” damaged, and another 16 people on the ground were injured.
The NTSB concluded that the probable cause of the accident was “the
airplane’s encounter during the liftoff and initial climb phase of flight
with a microburst-induced wind shear which imposed a downdraft and
a decreasing headwind, the effects of which the pilot would have had
difficulty recognizing and reacting to in time for the airplane’s descent
to be arrested before its impact with trees.” Significantly, it also noted,
“Contributing to the accident was the limited capability of current ground
based low level wind shear detection technology [the LLWAS] to provide

52. National Transportation Safety Board, “Aircraft Accident Report: Pan American World Airways,
Clipper 759, N4737, Boeing 727-235, New Orleans International Airport, Kenner, Louisiana,
July @, 1982," Report NTSB-AAR-83-02 (Mar. 21, 1983).
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definitive guidance for controllers and pilots for use in avoiding low level
wind shear encounters.”>? This tragic accident impelled Congress to direct
the FAA to join with the National Academy of Sciences (NAS) to “study
the state of knowledge, alternative approaches and the consequences of
wind shear alert and severe weather condition standards relating to take
off and landing clearances for commercial and general aviation aircraft.”>*

As the FAA responded to these misfortunes and accelerated its
research on wind shear, NASA researchers accelerated their own wind
shear research. In the late 1970s, NASA Ames Research Center con-
tracted with Bolt, Baranek, and Newman, Inc., of Cambridge, MA, to
perform studies of “the effects of wind-shears on the approach perfor-
mance of a STOL aircraft . . . using the optimal-control model of the
human operator.” In laymen’s terms, this meant that the company used
existing data to mathematically simulate the combined pilot/aircraft
reaction to various wind shear situations and to deduce and explain
how the pilot should manipulate the aircraft for maximum safety in
such situations. Although useful, these studies did not eliminate the
wind shear problem.>> Throughout the 1980s, NASA research into thun-
derstorm phenomena involving wind shear continued. Double-vortex
thunderstorms and their potential effects on aviation were of partic-
ular interest. Double-vortex storms involve a pair of vortexes present
in the storm’s dynamic updraft that rotate in opposite directions. This
pair forms when the cylindrical thermal updraft of a thunderstorm pen-
etrates the upper-level air and there is a large amount of vertical wind
shear between the lower- and upper-level air layers. Researchers pro-
duced a numerical tornado prediction scheme based on the movement
of the double-vortex thunderstorm. A component of this scheme was
the Energy-Shear Index (ESI), which researchers calculated from radio-
sonde measurements. The index integrated parameters that were rep-
resentative of thermal instability and the blocking effect. It indicated

53. Ibid., p. ii.

54. "Wind Shear Study: Low-Altitude Wind Shear,” Aviation Week & Space Technology (Mar. 28,
1983), p. 32. One outcome was a seminal report completed before the end of the year by the
National Academy’s Committee on Low-Altitude Wind Shear and Its Hazard to Aviation, Low
Altitude Wind Shear and Its Hazard to Aviation (Washington, DC: Nafional Academy Press, 1983).
55. Sheldon Baron, Bolt Baranek, et al., Analysis of Response to Wind-Shears using the Optimal
Control Model of the Human Operator, NASA Ames Research Center Technical Paper NAS2-0652
[Washington, DC: NASA, 1979).
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NASA 809, a Martin B-57B flown by Dryden research crews in 1982 for gust and microburst
research. NASA.

environments appropriate for the development of double-vortex thun-
derstorms and tornadoes, which would help pilots and flight control-
lers determine safe flying conditions.>

In 1982, in partnership with the National Center for Atmospheric
Research (NCAR), the University of Chicago, the National Oceanic
Atmospheric Administration (NOAA), the National Science Foundation
(NSF), and the FAA, NASA vigorously supported the Joint Airport
Weather Studies (JAWS) effort. NASA research pilots and flight
research engineers from the Ames-Dryden Flight Research Facility
(now the NASA Dryden Flight Research Center) participated in the
JAWS program from mid-May through mid-August 1982, using a
specially instrumented Martin B-57B jet bomber. NASA researchers
selected the B-57B for its strength, flying it on low-level wind shear
research flights around the Sierra Mountains near Edwards Air Force
Base (AFB), CA, about the Rockies near Denver, CO, around Marshall
Space Flight Center, AL, and near Oklahoma City, OK. Raw data were
digitally collected on microbursts, gust fronts, mesocyclones, torna-

56.).R. Connell, et al., “Numeric and Fluid Dynamic Representation of Tornadic Double Vortex

Thunderstorms,” NASA CR-171023 (1980).
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does, funnel clouds, and hail storms; converted into engineering for-
mat at the Langley Research Center; and then analyzed at Marshall
Space Flight Center and the University of Tennessee Space Institute at
Tullahoma. Researchers found that some microbursts recorded dur-
ing the JAWS program created wind shear too extreme for landing or
departing airliners to survive if they encountered it at an altitude less
than 500 feet.>” In the most severe case recorded, the B-57B experienced
an abrupt 30-knot speed increase within less than 500 feet of distance
traveled and then a gradual decrease of 50 knots over 3.2 miles, clear
evidence of encountering the headwind outflow of a microburst and
then the tailwind outflow as the plane transited through the microburst.>®

At the same time, the Center for Turbulence Research (CTR), run
jointly by NASA and Stanford University, pioneered using an early par-
allel computer, the Illiac IV, to perform large turbulence simulations,
something previously unachievable. CTR performed the first of these
simulations and made the data available to researchers around the globe.
Scientists and engineers tested theories, evaluated modeling ideas, and,
in some cases, calibrated measuring instruments on the basis of these
data. A 5-minute motion picture of simulated turbulent flow provided
an attention-catching visual for the scientific community.>

In 1984, NASA and FAA representatives met at Langley Research
Center to review the status of wind shear research and progress toward
developing sensor systems and preventing disastrous accidents. Out
of this, researcher Roland L. Bowles conceptualized a joint NASA-FAA

57. National Academy of Sciences, Committee on Low-Altitude Wind Shear and Its Hazard to
Aviation, low Altitude Wind Shear and Its Hazard to Aviation (Washington, DC: National Acad-
emy Press, 1983), pp. 14-15; Roland L. Bowles, "VWindshear Detection and Avoidance: Airborne
Systems Survey,” Proceedings of the 29th IEEE Conference on Decision and Control, Honolulu, Hi
[New York: IEEE Publications, 1990), p. 708; H. Patrick Adamson, "Development of the Advance
Warning Airborne System (AWAS),” paper presented at the Fourth Combined Manufacturers” and
Technologists” Airborne Windshear Review Meeting, Turbulence Prediction Systems, Boulder, CO,
Apr. 14, 1992. JAWS program research confinued into the 1990s.

58. John McCarthy, “The Joint Airport Weather Studies JAVVS) Project,” in Camp, Frost, and Parsley,
Proceedings: Fifth Annual Workshop on Meteorological and Environmental Inputs to Aviation,

pp. 91-95; and Weneth D. Painter and Dennis W. Camp, “NASA B-57B Severe Storms Flight
Program,” NASA TM-84921 (1983).

59. Center for Turbulence Research, Stanford University, “About the Center for Turbulence Research
(CTR),” htip://www.stanford.edu,/group,/ctr/about.himl, accessed Oct. 3, 2009. For llliac IV and
its place in computing history, see Paul E. Ceruzzi, A History of Modern Computing (Cambridge:
The MIT Press, 1999), pp. 196-197.
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program to develop an airborne detector system, perhaps one that would
be forward-looking and thus able to furnish real-time warning to an air-
line crew of wind shear hazards in its path. Unfortunately, before this
program could yield beneficial results, yet another wind shear accident fol-
lowed the dismal succession of its predecessors: the crash of Delta Flight
191 at Dallas-Fort Worth International Airport (DFW) on August 2, 1985.%
Delta Flight 191 was a Lockheed L-1011 TriStar wide-body jumbo
jet. As it descended toward Runway 17L amid a violent turbulence-
producing thunderstorm, a storm cell produced a microburst directly
in the airliner’s path. The L-1011 entered the fury of the outflow when
only 800 feet above ground and at a low speed and energy state. As the
L-1011 transitioned through the microburst, a lift-enhancing head-
wind of 26 knots abruptly dropped to zero and, as the plane sank in the
downdraft column, then became a 46-knot tailwind, robbing it of lift. At
low altitude, the pilots had insufficient room for recovery, and so, just
38 seconds after beginning its approach, Delta Flight 191 plunged to
Earth, a mile short of the runway threshold. It broke up in a fiery heap
of wreckage, slewing across a highway and crashing into some water
tanks before coming to a rest, burning furiously. The accident claimed
the lives of 136 passengers and crewmembers and the driver of a passing
automobile. Just 24 passengers and 3 of its crew survived: only 2 were
without injury. ®* Among the victims were several senior staff members
from IBM, including computer pioneer Don Estridge, father of the IBM
PC. Once again, the NTSB blamed an “encounter at low altitude with
a microburst-induced, severe wind shear” from a rapidly developing
thunderstorm on the final approach course. But the accident illustrated
as well the immature capabilities of the LLWAS at that time; only after
Flight 191 had crashed did the DFW LLWAS detect the fatal microburst.*?

60. Chambers, Concept fo Reality, p. 188.

61. National Transportation Safety Board, “Aircraft Accident Report: Delta Air Lines, Inc., Lockheed
-1011-385-1, N726DA, Dallas/Fort Worth Infernational Airport, Texas, August 2, 1985," Report
NTSB-AAR-86-05 (Aug. 15, 1986). See also James O, “Inquiry Focuses on Wind Shear As
Cause of Delia 1011 Crash,” Aviation Week & Space Technology [Aug. 12, 1985), pp. 16-19;
F. Caracena, R. Orfiz, and J. Augustine, “The Crash of Delta Flight 191 at Dallas-Fort Worth
Infernational Airport on 2 August 1985: Multiscale Analysis of Weather Conditions,” National
Oceanic and Atmospheric Report TR ERL 430-ESG-2 (1987): T. Theodore Fujita, "DFVW Microburst
on August 2, 1985," Satellite and Mesometeorology Research Project Research Paper 217, Dept.
of Geophysical Sciences, University of Chicago, NTIS Report PB-86-131638 (1986).

62. Chambers, Concept fo Reality, p. 188.
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The Dallas accident resulted in widespread shock because of its large
number of fatalities. It particularly affected airline crews, as American
Airlines Capt. Wallace M. Gillman recalled vividly at a NASA-sponsored
1990 meeting of international experts in wind shear:

About one week after Delta 191’s accident in Dallas, I was taxi-
ing out to take off on Runway 17R at DFW Airport. Everybody
was very conscience of wind shear after that accident. I remem-
ber there were some storms coming in from the northwest and
we were watching it as we were in a line of airplanes waiting
to take off. We looked at the wind socks. We were listening to
the tower reports from the LLWAS system, the winds at var-
ious portions around the airport. I was number 2 for takeoff
and I said to my co-pilot, “I'm not going to go on this runway.”
But just at that time, the number 1 crew in line, Pan Am, said,
“I'm not going to go.” Then the whole line said, “We’re not going
to go” then the tower taxies us all down the runway, took us
about 15 minutes, down to the other end. By that time the
storm had kind of passed by and we all launched to the north.®

Taming Microburst: NASA’s Wind Shear Research Effort Takes Wing

The Dallas crash profoundly accelerated NASA and FAA wind shear
research efforts. Two weeks after the accident, responding to calls from
concerned constituents, Representative George Brown of California
requested a NASA presentation on wind shear and subsequently made a
fact-finding visit to the Langley Research Center. Dr. Jeremiah F. Creedon,
head of the Langley Flight Systems Directorate, briefed the Congressman
on the wind shear problem and potential technologies that might allevi-
ate it. Creedon informed Brown that Langley researchers were running
a series of modest microburst and wind shear modeling projects, and
that an FAA manager, George “Cliff” Hay, and NASA Langley research
engineer Roland L. Bowles had a plan underway for a comprehensive
airborne wind shear detection research program. During the briefing,
Brown asked how much money it would take; Creedon estimated several
million dollars. Brown remarked the amount was “nothing”; Creedon

63. Wallace M. Gillman, “Indusiry Terms of Reference,” in Spady, et al., eds., Airborne Wind
Shear Defection and Warning Systems, pt. 1, p. 16.

31



32

«

NASA's Contributions to Aeronautics

replied tellingly, “It’s a lot of money if you don’t have it.” As the Brown
party left the briefing, one of his aides confided to a Langley manager
‘NASA [has] just gotten itself a wind shear program.” The combination
of media attention, public concern, and congressional interest triggered
the development of “a substantial, coordinated interagency research
effort to address the wind shear problem.”¢*

On July 24, 1986, NASA and the FAA mandated the National
Integrated Windshear Plan, an umbrella project overseeing several
initiatives at different agencies.®® The joint effort responded both to
congressional directives and National Transportation Safety Board
recommendations after documentation of the numerous recent wind
shear accidents. NASA Langley Research Center’s Roland L. Bowles
subsequently oversaw a rigorous plan of wind shear research called
the Airborne Wind Shear Detection and Avoidance Program (AWDAP),
which included the development of onboard sensors and pilot train-
ing. Building upon earlier supercomputer modeling studies by
Michael L. Kaplan, Fred H. Proctor, and others, NASA researchers devel-
oped the Terminal Area Simulation System (TASS), which took into con-
sideration a variety of storm parameters and characteristics, enabling
numerical simulation of microburst formation. Out of this came
data that the FAA was able to use to build standards for the certifica-
tion of airborne wind shear sensors. As well, the FAA created a flight

64. lane E. Wallace, Airborne Trailblazer: Two Decades with NASA langley’s 737 Flying labora-
fory, NASA SP 4216 (Washington, DC: GPO, 1994), p. 41.
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Systems Survey,” Proceedings of the 29th IEEE Conference on Decision and Control, Honolulu,
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safety program that supported NASA development of wind shear
detection technologies.®

At NASA Langley, the comprehensive wind shear studies started
with laboratory analysis and continued into simulation and flight eval-
uation. Some of the sensor systems that Langley tested work better in
rain, while others performed more successfully in dry conditions.®” Most
were tested using Langley’s modified Boeing 737 systems testbed.®® This
research airplane studied not only microburst and wind shear with the
Airborne Windshear Research Program, but also tested electronic and
computerized control displays (“glass cockpits” and Synthetic Vision
Systems) in development, microwave landing systems in development,
and Global Positioning System (GPS) navigation.®

NASAs Airborne Windshear Research Program did not completely
resolve the problem of wind shear, but “its investigation of microburst
detection systems helped lead to the development of onboard monitor-
ing systems that offered airliners another way to avoid potentially lethal
situations.”” The program achieved much and gave confidence to those
pursuing practical applications. The program had three major goals. The
first was to find a way to characterize the wind shear threat in a way that
would indicate the hazard level that threatened aircraft. The second was to
develop airborne remote-sensor technology to provide accurate, forward-
looking wind shear detection. The third was to design flight management
systems and concepts to transfer this information to pilots in such a way
that they could effectively respond to a wind shear threat. The program
had to pursue these goals under tight time constraints.”’ Time was of the
essence, partly because the public had demanded a solution to the scourge
of microburst wind shear and because a proposed FAA regulation stipu-
lated that any “forward-looking” (predictive) wind shear detection tech-
nology produced by NASA be swiftly transferred to the airlines.

An airborne technology giving pilots advanced warning of wind
shear would allow them the time to increase engine power, “clean up”

66. Chambers, Concept fo Reality, p. 189.

67. NASA Langley Research Center, “NASA Facts Online: Making the Skies Safe from Wind-
shear,” hifp://oea.larc.nasa.gov,/PAIS/Windshear. himl, accessed July 15, 2009.
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69. For SVS research, see the accompanying essay in this volume by Robert Rivers.
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the aircraft aerodynamically, increase penetration speed, and level the
airplane before entering a microburst, so that the pilot would have more
energy, altitude, and speed to work with or to maneuver around the
microburst completely. But many doubted that a system incorporating
all of these concepts could be perfected. The technologies offering most
potential were microwave Doppler radar, Doppler Light Detecting and
Ranging (LIDAR, a laser-based system), and passive infrared radiome-
try systems. However, all these forward-looking technologies were chal-
lenging. Consequently, developing and exploiting them took a minimum
of several years. At Langley, versions of the different detection systems
were “flown” as simulations against computer models, which re-created
past wind shear accidents. However, computer simulations could only
go so far; the new sensors had to be tested in actual wind shear condi-
tions. Accordingly, the FAA and NASA expanded their 1986 memoran-
dum of understanding in May 1990 to support flight research evaluating
the efficacy of the advanced wind shear detection systems integrating
airborne and ground-based wind shear measurement methodologies.
Researchers swiftly discovered that pilots needed as much as 20 sec-
onds of advance warning if they were to avert or survive an encounter
with microburst wind shear.”

Key to developing a practical warning system was deriving a suit-
able means of assessing the level of threat that pilots would face, because
this would influence the necessary course of action to avoid potential
disaster. Fortunately, NASA Project Manager Roland Bowles devised a
hazard index called the “F-Factor.” The F-Factor, as ultimately refined
by Bowles and his colleagues Michael Lewis and David Hinton, indi-
cated how much specific excess thrust an airplane would require to fly
through wind shear without losing altitude or airspeed.” For instance,
a typical twin-engine jet transport plane might have engines capable

72. P. Douglas Arbuckle, Michael S. Lewis, and David A. Hinton, “Airborne Systems Technology
Application to the Windshear Threat,” Paper 96-5.7.1, 20th Congress of the International Council
of the Aeronautical Sciences, Sorrento, ltaly, 1996; see also Wallace, Airborne Trailblazer, ch. 5.
73. Fred H. Proctor, David A. Hinton, and Roland L. Bowles, “A Windshear Hazard Index,” NASA
LRC NITRS Report 200.001.16199 (2000). Specific excess thrust is thrust minus the drag of the
airplane, divided by airplane’s weight. It determines the climb gradient (alfitude gain vs. horizon-
tal distance], which is expressed as y = (T - D) / W, where v is the climb gradient, T is thrust, D

is drag, and W is weight. See Roger D. Schaufele, The Elements of Aircraft Preliminary Design
(Santa Ana: Aries Publications, 2000), p. 18, and Arbuckle, Lewis, and Hinfon, “Airborne Sysfems
Technology Application,” p. 2.
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of producing 0.17 excess thrust on the F-Factor scale. If a microburst
wind shear registered higher than 0.17, the airplane would not be able
to fly through it without losing airspeed or altitude. The F-Factor pro-
vided a way for information from any kind of sensor to reach the pilot
in an easily recognizable form. The technology also had to locate the
position and track the movement of dangerous air masses and provide
information on the wind shear’s proximity and volume.™ Doppler-based
wind shear sensors could only measure the first term in the F-Factor
equation (the rate of change of horizontal wind). This limitation could
result in underestimation of the hazard. Luckily, there were several ways
to measure changes in vertical wind from radial wind measurements,
using equations and algorithms that were computerized. Although error
ranges in the device’s measurement of the F-Factor could not be elim-
inated, these were taken into account when producing the airborne
system.” The Bowles team derivation and refinement of the F-Factor
constituted a major element of NASAs wind shear research, to some,
“the key contribution of NASA in the taming of the wind-shear threat.”
The FAA recognized its significance by incorporating F-Factor in its
regulations, directing that at F-Factors of 0.13 or greater, wind shear
warnings must be issued.”

In 1988, NASA and researchers from Clemson University worked on
new ways to eliminate clutter (or data not related to wind shear) from
information received via Doppler and other kinds of radar used on an
airborne platform. Such methods, including antenna steering and adap-
tive filtering, were somewhat different from those used to eliminate clut-
ter from information received on a ground-based platform. This was
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because the airborne environment had unique problems, such as large
clutter-to-signal ratios, ever-changing range requirements, and lack
of repeatability.”

The accidents of the 1970s and 1980s stimulated research on a vari-
ety of wind shear predictive technologies and methodologies. Langley’s
success in pursuing both enabled the FAA to decree in 1988 that all
commercial airline carriers were required to install wind shear detec-
tion devices by the end of 1993. Most airlines decided to go with
reactive systems, which detect the presence of wind shear once the plane
has already flown into it. For American, Northwest, and Continental—
three airlines already testing predictive systems capable of detecting
wind shear before an aircraft flew into it—the FAA extended its deadline
to 1995, to permit refinement and certification of these more demand-
ing and potentially more valuable sensors.”

From 1990 onwards, NASA wind shear researchers were partic-
ularly energetic, publishing and presenting widely, and distributing
technical papers throughout the aerospace community. Working with
the FAA, they organized and sponsored well-attended wind shear con-
ferences that drew together other researchers, aviation administrators,
and—very importantly—airline pilots and air traffic controllers. Finally,
cognizant of the pressing need to transfer the science and technology of
wind shear research out of the laboratory and onto the flight line, NASA
and the FAA invited potential manufacturers to work with the agencies
in pursuing wind shear detector development.”

The invitations were welcomed by industry. Three important avionics
manufacturers—Allied Signal, Westinghouse, and Rockwell Collins—sent
engineering teams to Langley. These teams followed NASAs wind shear
effort closely, using the Agency’s wind shear simulations to enhance the
capabilities of their various systems. In 1990, Lockheed introduced its
Coherent LIDAR Airborne Shear Sensor (CLASS), developed under con-
tract to NASA Langley. CLASS was a predictive system allowing pilots to
avoid hazards of low-altitude wind shear under all weather conditions.
CLASS would detect thunderstorm downburst early in its development

77. Emest G. Baxa, “Clutter Filler Design Considerations for Airborne Doppler Radar Detection of
Wind Shear,” 527468, N91-11690, Oct. 19, 1988.

78. "Technology for Safer Skies,” htip://er jsc.nasa.gov,/SEH/pg56s95. himl, accessed Dec. 11,
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and emphasize avoidance rather than recovery. After consultation with
airline and military pilots, Lockheed engineers decided that the system
should have a 2- to 4-kilometer range and should provide a warning
time of 20 to 40 seconds. A secondary purpose of the system would be
to provide predictive warnings of clear air turbulence. In conjunction
with NASA, Lockheed conducted a 1-year flight evaluation program on
Langley’s 737 during the following year to measure line-of-sight wind
velocities from many wind fields, evaluating this against data obtained
via air- and ground-based radars and accelerometer-based systems and
thus acquiring a comparative database.?°

Also in 1990, using technologies developed by NASA, Turbulence
Prediction Systems of Boulder, CO, successfully tested its Advance
Warning Airborne System (AWAS) on a modified Cessna Citation small,
twin-jet research aircraft operated by the University of North Dakota.
Technicians loaded AWAS into the luggage compartment in front of
the pilot. Pilots intentionally flew the plane into numerous wind shear
events over the course of 66 flights, including several wet microbursts in
Orlando, FL, and a few dry microbursts in Denver. On the Cessna, AWAS
measured the thermal characteristics of microbursts to predict their pres-
ence during takeoff and landing. In 1991, AWAS units were flown aboard
three American Airlines MD-80s and three Northwest Airlines DC-9s to
study and improve the system’s nuisance alert response. Technicians
also installed a Honeywell Windshear Computer in the planes, which
Honeywell had developed in light of NASA research. The computer
processed the data gathered by AWAS via external aircraft measuring
instruments. AWAS also flew aboard the NASA Boeing 737 during sum-
mer 1991. Unfortunately, results from these research flights were not
conclusive, in part because NASA conducted research flights outside
AWAS’s normal operating envelope, and in an attempt to compensate
for differences in airspeed, NASA personnel sometimes overrode
automatic features. These complications did not stop the develop-
ment of more sophisticated versions of the system and ultimate
FAA certification.®!
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After analyzing data from the Dallas and Denver accidents, Honeywell
researchers had concluded that temperature lapse rate, or the drop in
temperature with the increase in altitude, could indicate wind shear
caused by both wet and dry microbursts. Lapse rate could not, of
course, communicate whether air acceleration was horizontal or verti-
cal. Nonetheless, this lapse rate could be used to make reactive systems
more “intelligent,” “hence providing added assurance that a danger-
ous shear has occurred.” Because convective activity was often associ-
ated with turbulence, the lapse rate measurements could also be useful
in warning of impending “rough air.” Out of this work evolved the first-
generation Honeywell Windshear Detection and Guidance System, which
gained wide acceptance.®

Supporting its own research activities and the larger goal of air safety
awareness, NASA developed a thorough wind shear training and famil-
iarization program for pilots and other interested parties. Flightcrews

“flew” hundreds of simulated wind shears. Crews and test personnel flew
rehearsal flights for 2 weeks in the Langley and Wallops areas before
deploying to Orlando or Colorado for actual in-flight microburst encoun-
ters in 1991 and 1992.

The NASA Langley team tested three airborne systems to predict
wind shear. In the creation of these systems, it was often assisted by
technology application experts from the Research Triangle Institute of
Triangle Park, NC.% The first system tested was a Langley-sponsored
Doppler microwave radar, whose development was overseen by Langley’s
Emedio “Brac” Bracalente and the Langley Airborne Radar Development
Group. It sent a microwave radar signal ahead of the plane to detect
raindrops and other moisture in the air. The returning signal provided
information on the motion of raindrops and moisture particles, and
it translated this information into wind speed. Microwave radar was
best in damp or wet conditions, though not in dry conditions. Rockwell
International’s Collins Air Transport Division in Cedar Rapids, TA, made
the radar transmitter, extrapolated from the standard Collins 708 weather
radar. NASAs Langley Research Center in Hampton, VA, developed

82. Terry Zweifel, “Temperature Lapse Rate as an Adjunct to Windshear Detection,” paper pre-
sented at the Airborne Wind Shear Detection and VWarning Systems Third Combined Manufacturers’
and Technologists’ Conference, Hampton, VA, Oct. 16-18, 1990.

83. "Technology for Safer Skies,” hitp://er.jsc.nasa.gov/SEH,/pg56s95.himl, accessed

Dec. 11, 2009.
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the receiver/detector subsystem and the signal-processing algorithms
and hardware for the wind shear application. So enthusiastic and
confident were the members of the Doppler microwave test team
that they designed their own flight suit patch, styling themselves the
“Burst Busters,” with an international slash-and-circle “stop” sign
overlaying a schematic of a microburst.?

The second system was a Doppler LIDAR. Unlike radio beam-
transmitting radar, LIDAR used a laser, reflecting energy from aerosol
particles rather than from water droplets. This system had fewer prob-
lems with ground clutter (interference) than Doppler radar did, but it
did not work as well as the microwave system does in heavy rain. The
system was made by the Lockheed Corporation’s Missiles and Space
Company in Sunnyvale, CA; United Technologies Optical Systems, Inc.,
in West Palm Beach, FL; and Lassen Research of Chico, CA.?> Researchers
noted that an “inherent limitation” of the radar and LIDAR systems
was their inability to measure any velocities running perpendicular to
the system’s line of sight. A microburst’s presence could be detected
by measuring changes in the horizontal velocity profile, but the
inability to measure a perpendicular downdraft could result in an
underestimation of the magnitude of the hazard, including its
spatial size.%

The third plane-based system used an infrared detector to find tem-
perature changes in the airspace in front of the plane. It monitored
carbon dioxide’s thermal signatures to find cool columns of air, which
often indicate microbursts. The system was less expensive and less com-
plex than the others but also less precise, because it could not directly
measure wind speed.?

84. Emedio M. Bracalente, C.L. Britt, and W.R. Jones, “Airborne Doppler Radar Detection of Low
Altitude Windshear,” AIAA Paper 88-4657 (1988); and David D. Aalfs, Emest G. Baxa, Jr., and
Emedio M. Bracalente, “Signal Processing Aspects of Windshear Detection,” Microwave Journdl,
vol. 96, no. 9 (Sept. 1993), pp. 76, 79, 82-84, available as NTRS Report 94A12361 (1993);
and Chambers, Concept fo Redlity, pp. 193, 195. Radar details are in S.D. Harrah,

E.M. Bracalente, PR. Schaffner, and E.G. Baxa, “Description and Availability of Airborne Doppler
Radar Data,” in NASA Jet Propulsion Laboratory, JPL Progress in Eleciromagnetics Research Sympo-
sium (PIERS) (Pasadena: JPL, 1993), p. 262, NTIS ID N94-20403 05-32.

85. "Technology for Safer Skies.”

86. D. Vicroy, "Vertical Wind Estimation from Horizontal Wind Measurements,” NASA-FAA Wind
Shear Review Meeting, NASA Langley Research Center, Sept. 28, 1993.

87. "Making the Skies Safe from Windshear.”
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NASA 515, the Langley Boeing 737, on the airport ramp at Orlando, FL, during wind shear
sensor testing. NASA.

A June 1991 radar plot of a wind shear at Orlando, showing the classic radial outflow. This
one is approximately 5 miles in diameter. NASA.
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In 1990-1992, Langley’s wind shear research team accumulated and
evaluated data from 130 sensor-evaluation research flights made using
the Center’s 737 testbed. * Flight-test crews flew research missions in
the Langley local area, Philadelphia, Orlando, and Denver. Risk mitiga-
tion was an important program requirement. Thus, wind shear investi-
gation flights were flown at higher speeds than airliners typically flew, so
that the 737 crew would have better opportunity to evade any hazard it
encountered. As well, preflight ground rules stipulated that no penetra-
tions be made into conditions with an F-Factor greater than 0.15. Of all
the systems tested, the airborne radar functioned best. Data were accu-
mulated during 156 weather runs: 109 in the turbulence-prone Orlando
area. The 737 made 15 penetrations of microbursts at altitudes ranging
from 800 to 1,100 feet. During the tests, the team evaluated the radar at
various tilt angles to assess any impact from ground clutter (a common
problem in airborne radar clarity) upon the fidelity of the airborne sys-
tem. Aircraft entry speed into the microburst threat region had little effect
on clutter suppression. All together, the airborne Doppler radar tests col-
lected data from approximately 30 microbursts, as well as 20 gust fronts,
with every microburst detected by the airborne radar. F-Factors measured
with the airborne radar showed “excellent agreement” with the F-Factors
measured by Terminal Doppler Weather Radar (TDWR), and comparison
of airborne and TDWR data likewise indicated “comparable results.”® As
Joseph Chambers noted subsequently, “The results of the test program
demonstrated that Doppler radar systems offered the greatest promise
for early introduction to airline service. The Langley forward-looking
Doppler radar detected wind shear consistently and at longer ranges than
other systems, and it was able to provide 20 to 40 seconds warning of
upcoming microburst.”?® The Burst Busters clearly had succeeded.
Afterward, forward-looking Doppler radar was adopted by most airlines.

88. The feam consisted of wind shear Program Manager Roland Bowles, Deputy Program Manager
Michael S. Llewis, research engineers Emedio “Brac” Bracalente and David Hinfon, research pilots
Llee H. Person, Jr., and Kenneth R. Yenni, crew chief Michael Basnett, and lead electronics techni-
cian Artie D. Jessup, supported by others.

89. Emedio Bracalente, "Doppler Radar Results,” and Charles L. Britt and Emedio Bracalente,
"NASA Airborne Radar Wind Shear Detection Algorithm and the Defection of Wet Microbursts in the
Vicinity of Orlando, Florida,” both presented at the 4th Combined Manufacturers” and Technologists’
Airborne Wind Shear Review Meeting, Williamsburg, VA, Apr. 4-16, 1992, NTIS Reports Nos.
N9O3-19595 and N@3-19611 (1992).

Q0. Chambers, Concept fo Redlity, p. 195.
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NASA Langley’s wind shear team at Orlando in the cockpit of NASA 515. Left to right: Program
Manager Roland Bowles, research pilot Lee Person, Deputy Program Manager Michael Lewis,

research engineer David Hinton, and research engineer Emedio Bracalente. Note Bracalente’s
“Burst Buster” shoulder patch. NASA.

Assessing NASA's Wind Shear Research Effort

NASAs wind shear research effort involved complex, cooperative rela-
tionships between the FAA, industry manufacturers, and several NASA
Langley directorates, with significant political oversight, scrutiny, and
public interest. It faced many significant technical challenges, not the
least of which were potentially dangerous flight tests and evaluations.”!
Yet, during a 7-year effort, NASA, along with industry technicians and
researchers, had risen to the challenge. Like many classic NACA research
projects, it was tightly focused and mission-oriented, taking “a proven,

Q1. Ibid., p. 198. See also “Report of the Committee on Low-Altitude Wind Shear and Its Hazard
fo Aviation,” Low Altitude Wind Shear and lis Hazard to Aviation (Washington, DC: National
Academy Press, 1983], pp. 14-15; Roland L. Bowles, “Windshear Detecfion and Avoidance:
Airborne Systems Survey,” Proceedings of the 29th IEEE Conference on Decision and Control,
Honolulu, HI (New York: IEEE Publications, 1990), p. 708; Michael S. lewis, et al., "Design and
Conduct of a Windshear Detection Flight Experiment,” AIAA Paper 92-4092 (1992).
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significant threat to aviation and air transportation and [developing] new
technology that could defeat it.”? It drew on technical capabilities and
expertise from across the Agency—in meteorology, flight systems, aero-
nautics, engineering, and electronics—and from researchers in industry,
academia, and agencies such as the National Center for Atmospheric
Research. This collaborative effort spawned several important break-
throughs and discoveries, particularly the derivation of the F-Factor and
the invention of Langley’s forward-looking Doppler microwave radar
wind shear detector. As a result of this Government-industry-academic
partnership, the risk of microburst wind shear could at last be mitigated.*

In 1992, the NASA-FAA Airborne Windshear Research Program was
nominated for the Robert J. Collier Trophy, aviation’s most prestigious
honor. Industry evaluations described the project as “the perfect role for
NASA in support of national needs” and “NASA at its best.” Langley’s
Jeremiah Creedon said, “we might get that good again, but we can’t get
any better.”** In any other year, the program might easily have won, but
it was the NASA-FAA team’s ill luck to be competing that year with the
revolutionary Global Positioning System, which had proven its value in
spectacular fashion during the Gulf War of 1991. Not surprisingly, then,
it was GPS, not the wind shear program, which was awarded the Collier
Trophy. But if the wind shear team members lost their shot at this pres-
tigious award, they could nevertheless take satisfaction in knowing that
together, their agencies had developed and demonstrated a “technology
base” enabling the manufacture of many subsequent wind shear detec-
tion and prediction systems, to the safety and undoubted benefit of the
traveling public, and airmen everywhere.”

NASA engineers had coordinated their research with commercial
manufacturers from the start of wind shear research and detector devel-
opment, so its subsequent transfer to the private sector occurred quickly
and effectively. Annual conferences hosted jointly by NASA Langley
and the FAA during the project’s evolution provided a ready forum for
manufacturers to review new technology and for NASA researchers to
obtain a better understanding of the issues that manufacturers were

2. Wallace, Airborne Trailblazer.

93. "Airborne Wind Shear Defection and Warning Systems,” Second Combined Manufacturers
and Technological Conference, NASA CP-10050.

94. Wallace, Airborne Trailblazer, pp. 5-48.

Q5. "Technology for Safer Skies.”
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encountering as they developed airborne equipment to meet FAA cer-
tification requirements. The fifth and final combined manufacturers’
and technologists’ airborne wind shear conference was held at NASA
Langley on September 28-30, 1993, marking an end to what NASA and
the FAA jointly recognized as “the highly successful wind shear experi-
ments conducted by government, academic institutions, and industry.”
From this point onward, emphasis would shift to certification, regula-
tion, and implementation as the technology transitioned into commer-
cial service.®® There were some minor issues among NASA, the airlines,
and plane manufacturers about how to calibrate and where to place the
various components of the system for maximum effectiveness. Sometimes,
the airlines would begin testing installed systems before NASA finished
its testing. Airline representatives said that they were pleased with the
system, but they noted that their pilots were highly trained profession-
als who, historically, had often avoided wind shear on their own. Pilots,
who of course had direct control over plane performance, wished to have
detailed information about the system’s technical components. Airline rep-
resentatives debated the necessity of considering the performance spec-
ifications of particular aircraft when installing the airborne system but
ultimately went with a single Doppler radar system that could work with
all passenger airliners.”” Through all this, Langley researchers worked
with the FAA and industry to develop certification standards for the wind
shear sensors. These standards involved the wind shear hazard, the cock-
pit interface, alerts given to flight crews, and sensor performance levels.
NASA research, as it had in other aspects of aeronautics over the history
of American civil aviation, formed the basis for these specifications.®®
Although its airborne sensor development effort garnered the great-
est attention during the 1980s and 1990s, NASA Langley also devel-
oped several ground-based wind shear detection systems. One was the

Q6. V.E. Delnore, ed., Airborne Windshear Defection and Warning Systems: Fifth and Final Com-
bined Manufacturers’ and Technologists” Conference, NASA CP-10139, pis. 1-2 (1994).

Q7. Vicroy, NASA-FAA Wind Shear Review Meeting, "Vertical Wind Esfimation from Horizontal
Wind Measurements: Results of American in-service Evaluations,” Sept. 28, 1993.

Q8. G.F. Switzer, J.V. Aanstoos, F.H. Proctor, and D.A. Hinton, “Windshear Database for Forward-
Looking Systems Cerfification,” NASA TM-109012 (1993); and Charles L. Britt, George F. Switzer,
and Emedio M. Bracalente, “Certification Methodology Applied fo the NASA Experimental Radar
System,” paper presented at the Airborne Windshear Detection and VWarning Systems’ 5th and
Final Combined Manufacturers’ and Technologists” Conference, pt. 2, pp. 463-488, NTIS Report
Q5N13205 (1994).
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low-level wind shear alert system installed at over 100 United States air-
ports. By 1994, ground-based radar systems (Terminal Doppler Weather
Radar) were in place at hundreds of airports that could predict when
such shears would come, but plane-based systems continue to be neces-
sary because not all of the thousands of airports around the world had
such systems. Of plane-based systems, NASAs forward-looking predic-
tive radar worked best.*””

The end of the tyranny of microburst did not come without one last
serious accident that had its own consequences for wind shear allevia-
tion. On July 2, 1994, US Air Flight 1016, a twin-engine Douglas DC-9,
crashed and burned after flying through a microburst during a missed
approach at Charlotte-Douglas International Airport. The crew had real-
ized too late that conditions were not favorable for landing on Runway
18R, had tried to go around, and had been caught by a violent micro-
burst that sent the airplane into trees and a home. Of the 57 passen-
gers and crew, 37 perished, and the rest were injured, 16 seriously. The
NTSB faulted the crew for continuing its approach “into severe con-
vective activity that was conducive to a microburst,” for “failure to rec-
ognize a windshear situation in a timely manner,” and for “failure to
establish and maintain the proper airplane attitude and thrust setting
necessary to escape the windshear.” As well, it blamed a “lack of real-
time adverse weather and windshear hazard information dissemination
from air traffic control.”'® Several factors came together to make the
accident more tragic. In 1991, US Air had installed a Honeywell wind
shear detector in the plane that could furnish the crew with both a visual
warning light and an audible “wind shear, wind shear, wind shear” warn-
ing once an airplane entered a wind shear. But it failed to function dur-
ing this encounter. Its operating algorithms were designed to minimize

“nuisance alerts,” such as routine changes in aircraft motions induced
by flap movement. When Flight 1016 encountered its fatal shear, the
plane’s landing flaps were in transition as the crew executed its missed
approach, and this likely played a role in its failure to function. As well,
Charlotte had been scheduled to be the fifth airport to receive Terminal
Doppler Weather Radar, a highly sensitive and precise wind shear

99. "Making the Skies Safer from Windshear.”

100. Quotes from National Transportation Safety Board, “Aircraft Accident Report: Flight Into Terrain
During Missed Approach: US Air Flight 1016, DC-9-31, N954V), Charlotte-Douglas Intermnational
Airport, Charlotte, North Caroling, July 2, 1994," Report NTSB-AARGS5-03 (Apr. 4, 1995), p. vi.
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detection system. But a land dispute involving the cost of property that
the airport was trying to purchase for the radar site bumped it from
5th to 38th on the list to get the new TDWR. Thus, when the accident
occurred, Charlotte only had the far less capable LLWAS in service.!"!
Clearly, to survive the dangers of wind shear, airline crews needed air-
craft equipped with forward-looking predictive wind shear warning
systems, airports equipped with up-to-date precise wind shear Doppler
radar detection systems, and air traffic controllers cognizant of the prob-
lem and willing to unhesitatingly shift flights away from potential wind
shear threats. Finally, pilots needed to exercise extreme prudence when
operating in conditions conducive to wind shear formation.

Not quite 5 months later, on November 30, 1994, Continental Airlines
Flight 1637, a Boeing 737 jetliner, lifted off from Washington-Reagan
Airport, Washington, DC, bound for Cleveland. It is doubtful whether
any passengers realized that they were helping usher in a new chapter
in the history of aviation safety. This flight marked the introduction of a
commercial airliner equipped with a forward-looking sensor for detect-
ing and predicting wind shear. The sensor was a Bendix RDR-4B devel-
oped by Allied Signal Commercial Avionic Systems of Fort Lauderdale,
FL. The RDR-4B was the first of the predictive Doppler microwave radar
wind shear detection systems based upon NASA Langley’s research to
gain FAA certification, achieving this milestone on September 1, 1994. It
consisted of an antenna, a receiver-transmitter, and a Planned Position
Indicator (PPI), which displayed the direction and distance of a wind
shear microburst and the regular weather display. Since then, the num-
ber of wind shear accidents has dropped precipitously, reflecting the
proliferation and synergistic benefits accruing from both air- and land-
based advanced wind shear sensors.!%?

In the mid-1990s, as part of NASAs Terminal Area Productivity
Program, Langley researchers used numerical modeling to predict
weather in the area of airport terminals. Their large-eddy simulation
(LES) model had a meteorological framework that allowed the predic-
tion and depiction of the interaction of the airplane’s wake vortexes
(the rotating turbulence that streams from an aircraft’s wingtips when
it passes through the air) with environments containing crosswind shear,

101. Ibid., pp. 15 and 85. As the NTSB report makes clear, cockpit transcripts and background
signals confirmed the failure of the Honeywell system to alert the crew.
102. “Technology for Safer Skies”; “Making the Skies Safer From Windshear.”
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stratification, atmospheric turbulence, and humidity. Meteorological
effects can, to a large degree, determine the behavior of wake vortexes.
Turbulence can gradually decay the rotation of the vortex, robbing it of
strength, and other dynamic instabilities can cause the vortex to collapse.
Results from the numerical simulations helped engineers to develop
useful algorithms to determine the way aircraft should be spaced when
aloft in the narrow approach corridors surrounding the airport terminal,
in the presence of wake turbulence. The models utilized both two and
three dimensions to obtain the broadest possible picture of phenomena
interaction and provided a solid basis for the development of the Aircraft
Vortex Spacing System (AVOSS), which safely increased airport capacity.!®

In 1999, researchers at NASA’'s Goddard Space Flight Center
in Greenbelt, MD, concluded a 20-year experiment on wind-stress
simulations and equatorial dynamics. The use of existing datasets and
the creation of models that paired atmosphere and ocean forecasts of
changes in sea surface temperatures helped the researchers to obtain
predictions of climatic conditions of large areas of Earth, even months
and years in advance. Researchers found that these conditions affect
the speed and timing of the transition from laminar to turbulent air-
flow in a plane’s boundary layer, and their work contributed to a more
sophisticated understanding of aerodynamics.!*

In 2008, researchers at NASA Goddard compared various NASA
satellite datasets and global analyses from the National Centers for
Environmental Protection to characterize properties of the Saharan Air
Layer (SAL), a layer of dry, dusty, warm air that moves westward off the
Saharan Desert of Africa and over the tropical Atlantic. The researchers
also examined the effects of the SAL on hurricane development. Although
the SAL causes a degree of low-level vertical wind shear that pilots have
to be cognizant of, the researchers concluded that the SALs effects on
hurricane and microburst formation were negligible.!%>

103. Fred H. Proctor, “The NASALlangley Wake Vortex Modeling Effort in Support of an Opera-
tional Aircraft Spacing System,” AIAA Paper 98-0589 (1998).

104. Julio T. Bacmeister and Max J. Suarez, “Wind-Stress Simulations and Equatorial Dynamics in
an AGCM [Aimosphericland General Circulation Model],” NASA Goddard Earth Sciences and
Technology Center, NASA Seasonaltornterannual Prediction Project, pts. -l (June 6, 1999), NTIS
CASIID 200.101.00385.

105. Scott Braun and Chunglin Shie, “Improving Our Undersianding of Atlantic Tropical Cyclones
Through Knowledge of the Saharan Air Layer: Hope or Hype?” Bullefin of the American Meteoro-
logical Society (Aug. 14, 2008).
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Advanced research into turbulence will be a vital part of the aero-
space sciences as long as vehicles move through the atmosphere.
Since 1997, Stanford has been one of five universities sponsored by
the U.S. Department of Energy as a national Advanced Simulation
and Computing Center. Today, researchers at Stanford’s Center for
Turbulence use computer clusters, which are many times more powerful
than the pioneering Illiac IV. For large-scale turbulence research proj-
ects, they also have access to cutting-edge computational facilities at
the National Laboratories, including the Columbia computer at NASA
Ames Research Center, which has 10,000 processors. Such advanced
research into turbulent flow continues to help steer aerodynamics devel-
opments as the aerospace community confronts the challenges of the
21st century.!%

In 2003, President George W. Bush signed the Vision 100 Century
of Aviation Reauthorization Act.!” This initiative established within the
FAA a joint planning and development office to oversee and manage the
Next Generation Air Transportation System (NextGen). NextGen incor-
porated seven goals:

1. Improve the level of safety, security, efficiency, qual-
ity, and affordability of the National Airspace System
and aviation services.

2. Take advantage of data from emerging ground-based
and space-based communications, navigation, and
surveillance technologies.

3. Integrate data streams from multiple agencies and
sources to enable situational awareness and seam-
less global operations for all appropriate users of the
system, including users responsible for civil aviation,
homeland security, and national security.

4. Leverage investments in civil aviation, homeland
security, and national security and build upon cur-
rent air traffic management and infrastructure ini-
tiatives to meet system performance requirements
for all system uses.

106. Stanford University, “About the Center for Turbulence Research,” htip://www.stanford.edu/
group/cir/about.himl, accessed Oct. 4, 2009.
107. Public Law 108-176 (2003).
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5. Be scalable to accommodate and encourage substan-
tial growth in domestic and international transpor-
tation and anticipate and accommodate continuing
technology upgrades and advances.

6. Accommodate a range of aircraft operations, includ-
ing airlines, air taxis, helicopters, general-aviation,
and unmanned aerial vehicles.

7. Take into consideration, to the greatest extent prac-
ticable, design of airport approach and departure
flight paths to reduce exposure of noise and emis-
sions pollution on affected residents.!%

NASA is now working with the FAA, industry, the academic com-
munity, the Departments of Commerce, Defense, Homeland Security,
and Transportation, and the Office of Science and Technology Policy to
turn the ambitious goals of NextGen into air transport reality. Continual
improvement of Terminal Doppler Weather Radar and the Low-Level
Windshear Alert System are essential elements of the reduced weather
impact goals within the NextGen initiatives. Service life extension pro-
grams are underway to maintain and improve airport TDWR and the
older LLWAS capabilities.'” There are LLWAS at 116 airports worldwide,
and an improvement plan for the program was completed in 2008, con-
sisting of updating system algorithms and creating new information/
alert displays to increase wind shear detection capabilities, reduce the
number of false alarms, and lower maintenance costs.'!°

FAA and NASA researchers and engineers have not been content to
rest on their accomplishment and have continued to perfect the wind
shear prediction systems they pioneered in the 1980s and 1990s. Building
upon this fruitful NASA-FAA turbulence and wind shear partnership
effort, the FAA has developed Graphical Turbulence Guidance (GTG),
which provides clear air turbulence forecasts out to 12 hours in advance
for planes flying at altitudes of 20,000 feet and higher. An improved
system, GTG-2, will enable forecasts out to 12 hours for planes flying
at lower altitudes down to 10,000 feet.!'! As of 2010, forward-looking

108. Ibid.

109. Section 3, DOT 163.
110. Section 3, DOT 1/1.
111. Section 3, DOT 171.
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predictive Doppler microwave radar systems of the type pioneered by
Langley are installed on most passenger aircraft.

This introduction to NASA research on the hazards of turbulence,
gusts, and wind shear offers but a glimpse of the detailed work under-
taken by Agency staff. However brief, it furnishes yet another exam-
ple of how NASA, and the NACA before it, has contributed to aviation
safety. This is due, in no small measure, to the unique qualities of its
professional staff. The enthusiasm and dedication of those who worked
NASA’s wind shear research programs, and the gust and turbulence
studies of the NACA earlier, have been evident throughout the history
of both agencies. Their work has helped the air traveler evade the haz-
ards of wild winds, turbulence, and storm, to the benefit of all who jour-
ney through the world’s skies.
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A lightning strike reveals the breadth, power, and majesty of this still mysterious electromagnetic
phenomenon. NOAA.




Coping With Lightning:
A Lethal Threat to Flight

Barrett Tillman and John L. Tillman

The beautiful spectacle and terrible power of lightning have always
inspired fear and wonder. In flight, it has posed a significant challenge.
While the number of airships, aircraft, and occupants lost to lightning
have been few, they offer sobering evidence that lightning is a haz-
ard warranting intensive study and preventative measures. This is an
area of NASA research that crosses between the classic fields of aero-
nautics and astronautics, and that has profound implications for both.

“ | LEARNED MORE ABOUT LIGHTNING from flying at night over

Bosnia while wearing night vision goggles than I ever learned from

a meteorologist. You'd occasionally see a green flash as a bolt dis-
charged to the ground, but that was nothing compared to what was hap-
pening inside the clouds themselves. Even a moderate-sized cloud looked
like a bubbling witches’ cauldron, with almost constant green discharges
left and right, up and down. You'd think, “Bloody hell! I wouldn’t want
to fly through that!” But of course you do, all the time. You just don’t
notice if you don'’t have the goggles.”!

So stated one veteran airman of his impressions with lightning.
Lightning is an electrical discharge in the atmosphere usually gener-
ated by thunderstorms but also by dust storms and volcanic eruptions.
Because only about a fourth of discharges reach the ground, lightning
represents a disproportionate hazard to aviation and rocketry. In any case,
lightning is essentially an immense spark that can be many miles long.?

1. Statement of Air Commodore Andrew PN. Lambert, RAF to Richard P. Hallion, Nov. 15, 2009,
referring to his experiences on Operation Deny Flight, in 1993, when he was Officer Commanding
23 Squadron and former OC of the RAF Phantom Top Gun school.

2. M.A. Uman, The lightning Discharge [New York: Academic Press, Inc., 1987); Franklin A. Fisher
and J. Anderson Plumer, “Lightning Protection of Aircraft,” NASA RP-1008 (1977); Michael J. Rycrofi,
R. Giles Harrison, Keri A. Nicoll, and Evgeny A. Mareev, “An Overview of Earth's Global Electric
Circuit and Atmospheric Conductivity,” Space Science Reviews, vol. 137, no. 104 (June 2008).
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Lightning generates radio waves. Scientists at the National
Aeronautics and Space Administration (NASA) discovered that very
low frequency (VLF) waves cause a gap between the inner and outer
Van Allen radiation belts surrounding Earth. The gap offers satellites
a potential safe zone from solar outburst particle streams. But, as will
be noted, protection of spacecraft from lightning and electromagnetic
pulses (EMPs) represents a lasting concern.

There are numerous types of lightning. By far the most common
is the streak variety, which actually is the return stroke in open air.
Most lightning occurs inside clouds and is seldom witnessed inside
thunderstorms. Other types include: ball (spherical, semipersistent),
bead (cloud to ground), cloud-to-cloud (aka, sheet or fork lightning),
dry (witnessed in absence of moisture), ground-to-cloud, heat (too
distant for thunder to be heard), positive (also known as high-voltage
lightning), ribbon (in high crosswinds), rocket (horizontal lightning at
cloud base), sprites (above thunderstorms, including blue jets), stac-
cato (short cloud to ground), and triggered (caused by aircraft, volca-
noes, or lasers).

Every year, some 16 million thunderstorms form in the atmosphere.
Thus, over any particular hour, Earth experiences over 1,800. Estimates
of the average global lightning flash frequency vary from 30 to 100
per second. Satellite observations produce lower figures than did prior
scientific studies yet still record more than 3 million worldwide each
day.’ Between 1959 and 1994, lightning strikes in the United States killed
3,239 people and injured a further 9,818, a measure of the lethality of
this common phenomenon.*

Two American regions are notably prone to ground strikes: Florida
and the High Plains, including foothills of the Rocky Mountains. Globally,
lightning is most common in the tropics. Therefore, Florida records
the most summer lightning strikes per day in the U.S. Heat differen-
tials between land and water on the three sides of peninsular Florida,
over its lakes and swamps and along its panhandle coast, drive air
circulations that spin off thunderstorms year-round, although most
intensely in summer.

3. Data from weather archive at hitp://www.newton.dep.anl.gov,/ askasci/wea00,/wea00239.
htm, accessed Nov. 30, 2009.

4. Joseph R. Chambers, Concept fo Redlity: Contributions of the NASA Langley Research Center to
U.S. Civil Aircraft of the 1990s, NASA SP-2003 (Washington, DC: GPO, 2003), p. 173.
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Lightning: What It Is, What It Does

Despite recent increases in understanding, scientists are still somewhat
mystified by lightning. Modern researchers might concur with stone age
shaman and bronze age priests that it partakes of the celestial.

Lightning is a form of plasma, the fourth state of matter, after solids,
liquids, and gases. Plasma is an ionized gas in which negatively charged
electrons have been stripped by high energy from atoms and molecules,
creating a cloud of electrons, neutrons, and positively charged ions.

As star stuff, plasma is by far the most common state of matter in
the universe. Interstellar plasmas, such as solar wind particles, occur
at low density. Plasmas found on Earth include flames, the polar auro-
ras, and lightning.

Lightning is like outer space conditions coming fleetingly to Earth.
The leader of a bolt might zip at 134,000 miles per hour (mph). The
energy released heats air instantaneously around the discharge from
36,000 to 54,000 degrees Fahrenheit (°F), or more than three to five
times the Sun’s surface temperature. The sudden, astronomical increase
in local pressure and temperature causes the atmosphere within and
around a lightning bolt to expand rapidly, compressing the surround-
ing clear air into a supersonic shock wave, which decays to the acoustic
wave perceived as thunder. Ranging from a sharp, loud crack to a long,
low rumble, the sound of a thunderclap is determined by the hearer’s
distance from the flash and by the type of lightning.

Lightning originates most often in cumulonimbus thunderclouds.
The bases of such large, anvil-shaped masses may stretch for miles.
Their tops can bump up against, spread out along, and sometimes blast
through the tropopause: the boundary between the troposphere (the
lower portion of the atmosphere, in which most weather occurs) and
the higher stratosphere. The altitude of the lower stratosphere varies
with season and latitude, from about 5 miles above sea level at the poles
in winter to 10 miles near the equator. The tropopause is not a “hard”
ceiling. Energetic thunderstorms, particularly from the tropics, may
punch into the lower stratosphere and oscillate up and down for hours
in a multicycle pattern.

A Lightning Primer

The conditions if not the mechanics that generate lightning are now
well known. In essence, this atmospheric fire is started by rubbing
particles together. But there is still no agreement on which processes
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ignite lightning. Current hypotheses focus on the separation of electric
charge and generation of an electric field within a thunderstorm. Recent
studies further suggest that lightning initiation requires ice, hail, and
semifrozen water droplets, called “graupel.” Storms that do not pro-
duce large quantities of ice usually do not develop lightning.> Graupel
forms when super-cooled water droplets condense around a snowflake
nucleus into a sphere of rime, from 2 to 5 millimeters across. Scientific
debate continues as experts grapple with the mysteries of graupel, but
the stages of lightning creation in thunderstorms are clear, as outlined
by the National Weather Service of the National Oceanic and
Atmospheric Administration (NOAA).

First comes charge separation. Thunderstorms are turbulent,
with strong updrafts and downdrafts regularly occurring close to one
another. The updrafts lift water droplets from warmer lower layers to
heights between 35,000 and 70,000 feet, miles above the freezing level.
Simultaneously, downdrafts drag hail and ice from colder upper layers.
When the opposing air currents meet, water droplets freeze, releasing
heat, which keeps hail and ice surfaces slightly warmer than the sur-
rounding environment, so that graupel, a “soft hail,” forms.

Electrons carry a negative charge. As newly formed graupel collides
with more water droplets and ice particles, electrons are sheared off the
ascending particles, charging them positively. The stripped electrons col-
lect on descending bits, charging them negatively. The process results in
a storm cloud with a negatively charged base and positively charged top.

Once that charge separation has been established, the second step
is generation of an electrical field within the cloud and, somewhat like
a mirror image, an electrical field below the storm cloud. Electrical
opposites attract, and insulators inhibit current flow. The separation
of positive and negative charges within a thundercloud generates an
electric field between its top and base. This field strengthens with fur-
ther separation of these charges into positive and negative pools. But
the atmosphere acts as an insulator, inhibiting electric flow, so an enor-
mous charge must build up before lightning can occur. When that high
charge threshold is finally crossed, the strength of the electric field over-
powers atmospheric insulation, unleashing lightning. Another electrical
field develops with Earth’s surface below negatively charged storm base,

5. NOAA Online School for Weather, “How Lightning is Created,” at hito://www.srh.noaa.gov,/
jetstream/lightning/lightning.htm, accessed Nov. 30, 2009.
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where positively charged particles begin to pool on land or sea. Whither
the storm goes, the positively charged field—responsible for cloud-
to-ground lightning—will follow it. Because the electric field within the

storm is much stronger than the shadowing positive charge pool, most

lightning (about 75 to 80 percent) remains within the clouds and is thus

not attracted groundward.

The third phase is the building of the initial stroke that shoots
between the cloud and the ground. As a thunderstorm moves, the pool
of positively charged particles traveling with it along the ground gath-
ers strength. The difference in charge between the base of the clouds
and ground grows, leading positively charged particles to climb up taller
objects like houses, trees, and telephone poles. Eventually a “stepped
leader,” a channel of negative charge, descends from the bottom of the
storm toward the ground. Invisible to humans, it shoots to the ground in
a series of rapid steps, each happening quicker than the blink of an eye.
While this negative leader works its way toward Earth, a positive charge
collects in the ground and in objects resting upon it. This accumulation
of positive charge “reaches out” to the approaching negative charge with
its own channel, called a “streamer.” When these channels connect, the
resulting electrical transfer appears to the observer as lightning.

Finally, a return stroke of lightning flows along a charge channel
about 0.39 inches wide between the ground and the cloud. After the ini-
tial lightning stroke, if enough charge is left over, additional strokes will
flow along the same channel, giving the bolt its flickering appearance.

Land struck by a bolt may reach more than 3,300 °F, hot enough
to almost instantly melt the silica in conductive soil or sand, fusing the
grains together. Within about a second, the fused grains cool into ful-
gurites, or normally hollow glass tubes that can extend some distance
into the ground, showing the path of the lightning and its dispersion
over the surface.

The tops of trees, skyscrapers, and mountains lie closer to the base of
storm clouds than does low-lying ground, so such objects are commonly
struck by lightning. The less atmospheric insulation that lightning must
burn through, the easier falls its strike. The tallest object beneath a storm
will not necessarily suffer a hit, however, because the opposite charges
may not accumulate around the highest local point or in the clouds above
it. Lightning can strike an open field rather than a nearby line of trees.

Lightning leader development depends not only upon the electrical
breakdown of air, which requires about 3 million volts per meter, but
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on prior channel carving. Ambient electric fields required for lightning
leader propagation can be one or two orders of magnitude less than the
electrical breakdown strength. The potential gradient inside a developed
return stroke channel is on the order of hundreds of volts per meter
because of intense channel ionization, resulting in a power output on
the order of a megawatt per meter for a vigorous return stroke current
of 100,000 amperes (100 kiloamperes, kA).

Negative, Positive, Helpful, and Harmful
Most lightning forms in the negatively charged region under the base of
a thunderstorm, whence negative charge is transferred from the cloud
to the ground. This so-called “negative lightning” accounts for over 95
percent of strikes. An average bolt of negative lightning carries an elec-
tric current of 30 kA, transferring a charge of 5 coulombs, with energy
of 500 megajoules (MJ). Large lightning bolts can carry up to 120 kA
and 350 coulombs. The voltage is proportional to the length of the bolt.¢
Some lightning originates near the top of the thunderstorm in its
cirrus anvil, a region of high positive charge. Lightning formed in the
upper area behaves similarly to discharges in the negatively charged
storm base, except that the descending stepped leader carries a posi-
tive charge, while its subsequent ground streamers are negative. Bolts
thus created are called “positive lightning,” because they deliver a net
positive charge from the cloud to the ground. Positive lightning usually
consists of a single stroke, while negative lightning typically comprises
two or more strokes. Though less than 5 percent of all strikes consist
of positive lightning, it is particularly dangerous. Because it originates
in the upper levels of a storm, the amount of air it must burn through
to reach the ground is usually much greater. Therefore, its electric field
typically is much stronger than a negative strike would be and generates
enormous amounts of extremely low frequency (ELF) and VLF waves.
Its flash duration is longer, and its peak charge and potential are 6 to 10
times greater than a negative strike, as much as 300 kA and 1 billion volts!
Some positive lightning happens within the parent thunderstorm
and hits the ground beneath the cloud. However, many positive strikes
occur near the edge of the cloud or may even land more than 10 miles
away, where perhaps no one would recognize risk or hear thunder.

6. Richard Hasbrouck, “Mitigating Lighining Hazards,” Science & Technology Review
(May 1996), p. 7.
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Such positive lightning strikes are called “bolts from the blue.” Positive
lightning may be the main type of cloud-to-ground during winter
months or develop in the late stages of a thunderstorm. It is believed
to be responsible for a large percentage of forest fires and power-line
damage, and poses a threat to high-flying aircraft. Scientists believe
that recently discovered high-altitude discharges called “sprites” and
“elves” result from positive lightning. These phenomena occur well above
parent thunderstorms, at heights from 18 to 60 miles, in some cases
reaching heights traversed only by transatmospheric systems such as
the Space Shuttle.

Lightning is by no means a uniformly damaging force. For exam-
ple, fires started by lightning are necessary in the life cycles of some
plants, including economically valuable tree species. It is probable that,
thanks to the evolution and spread of land plants, oxygen concentra-
tions achieved the 13-percent level required for wildfires before 420 mil-
lion years ago, in the Paleozoic Era, as evinced by fossil charcoal, itself
proof of lightning-caused range fires.

In 2003, NASA-funded scientists learned that lightning produces
ozone, a molecule composed of three oxygen atoms. High up in the
stratosphere (about 6 miles above sea level at midlatitudes), ozone shields
the surface of Earth from harmful ultraviolet radiation and makes the
land hospitable to life, but low in the troposphere, where most weather
occurs, it’s an unwelcome byproduct of manmade pollutants. NASA’s
researchers were surprised to find that more low-altitude ozone devel-
ops naturally over the tropical Atlantic because of lightning than from
the burning of fossil fuels or vegetation to clear land for agriculture.

Outdoors, humans can be injured or killed by lightning directly or
indirectly. No place outside is truly safe, although some locations are
more exposed and dangerous than others. Lightning has harmed vic-
tims in improvised shelters or sheds. An enclosure of conductive mate-
rial does, however, offer refuge. An automobile is an example of such
an elementary Faraday cage.

Property damage is more common than injuries or death. Around
a third of all electric power-line failures and many wildfires result from
lightning. (Fires started by lightning are, however, significant in the
natural life cycle of forests.) Electrical and electronic devices, such as
telephones, computers, and modems, also may be harmed by lightning,
when overcurrent surges fritz them out via plug-in outlets, phone jacks,
or Ethernet cables.
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The Lightning Hazard in Aeronautics and Astronautics: A Brief Synopsis
Since only about one-fourth of discharges reach Earth’s surface, lightning
presents a disproportionate hazard to aviation and rocketry. Commercial
aircraft are frequently struck by lightning, but airliners are built to
reduce the hazard, thanks in large part to decades of NASA research.
Nevertheless, almost every type of aircraft has been destroyed or severely
damaged by lightning, ranging from gliders to jet airliners. The follow-
ing is a partial listing of aircraft losses related to lightning:

e August 1940: a Pennsylvania Central Airlines Douglas
DC-3A dove into the ground near Lovettsville, VA, kill-
ing all 25 aboard (including Senator Ernest Lundeen
of Minnesota), after “disabling of the pilots by a severe
lightning discharge in the immediate neighborhood of
the airplane, with resulting loss of control.””

¢  June 1959: a Trans World Airlines (TWA) four-engine
Lockheed Starliner with 68 passengers and crew was
destroyed near Milan, Ttaly.

e August 1963: a turboprop Air Inter Vickers Viscount
crashed on approach to Lyon, France, killing all 20 on
board plus 1 person on the ground.

¢ December 1963: a Pan American Airlines Boeing 707
crashed at night when struck by lightning over Maryland.
All 82 aboard perished.

e April 1966: Abdul Salam Arif, President of Iraq, died in
a helicopter accident, reportedly in a thunderstorm that
could have involved lightning.

e April 1967: an Iranian Air Force C-130B was destroyed
by lightning near Mamuniyeh. The 23 passengers and
crew all died.

e Christmas Eve 1971: a Lockheed Electra of Lineas Aéreas
Nacionales Sociedad Anénima (LANSA) was destroyed
over Peru with 1 survivor among 92 souls on board.

e May 1976: an Iranian Air Force Boeing 747 was hit
during descent to Madrid, Spain, killing all 17 aboard.

7. Civil Aeronautics Board, Accident Investigation Report on Loss of DC-3A NC21789, Aug. 31,
1940, p. 84; Donald R. Whitnah, Safer Skyways: Federal Control of Aviation, 1926~1966 (Ames, IA:
The lowa State University Press, 1966), p. 157; "Disaster: Death in the Blue Ridge,” Time, Sept. @, 1940.
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e November 1978: a U.S. Air Force (USAF) C-130FE was
struck by lightning near Charleston, SC, and fatally
crashed, with six aboard.

e September 1980: a Kuwaiti C-130 crashed after a light-
ning strike near Montelimar, France. The eight-man
crew was killed.

¢ February 1988: a Swearingen Metro operated by
Niirnberger Flugdienst was hit near Mulheim, Germany,
with all 21 aboard killed.

e January 1995: a Super Puma helicopter en route to a
North Sea oil platform was struck in the tail rotor, but
the pilot autorotated to a water landing. All 16 people
aboard were safely recovered.

e April 1999: a British glider was struck, forcing both pilots
to bail; they landed safely.

Additionally, lightning posed a persistent threat to rocket-launch
operations, forcing extensive use of protective systems such as light-
ning rods and “tripwire” devices. These devices included small rockets
trailing conductive wires that can trigger premature cloud-to-ground
strokes, reducing the risk of more powerful lightning strokes. The clas-
sic example was the launch of Apollo 12, on November 14, 1969. “The
flight of Apollo 12,” NASA historian Roger E. Bilstein has written, “was
electrifying, to say the least.”®

During its ascent, it built up a massive static electricity charge that
abruptly discharged, causing a brief loss of power. It had been an excep-
tionally close call. Earlier, the launch had been delayed while technicians
dealt with a liquid hydrogen leak. Had a discharge struck the fuel-air
mix of the leak, the conflagration would have been disastrous. Of course,
three decades earlier, a form of lightning (a brush discharge, commonly
called “St. ElImo’s fire”) that ignited a hydrogen gas-air mix was blamed
by investigators for the loss of the German airship Hindenburg in 1937
at Lakehurst, NJ.°

8. Roger E. Bilstein, Stages to Saturn: A Technological History of the Apollo/Saturn Launch Vehicles,
NASA SP-4206 (Washington, DC: NASA, 1980), p. 374.

Q. U.S. Department of Commerce, Bureau of Air Commerce, Robert W. Knight, The Hindenburg
Accident: A Comparative Digest of the Investigations and Findings, with the American and Trans-
lated German Reports Included, Report No. 11 (Washington, DC: GPO, 1938).
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Flight Research on Lightning

Benjamin Franklin’s famous kite experiments in the 1750s constituted
the first application of lightning’s effect upon “air vehicles.” Though it is
uncertain that Franklin personally conducted such tests, they certainly
were done by others who were influenced by him. But nearly 200 years
passed before empirical data were assembled for airplanes.!°

Probably the first systematic study of lightning effects on aircraft
was conducted in Germany in 1933 and was immediately translated by
NASA’ predecessor, the National Advisory Committee on Aeronautics
(NACA). German researcher Heinrich Koppe noted diverse opinions
on the subject. He cited the belief that any aircraft struck by lightning

“would be immediately destroyed or at least set on fire,” and, contrarily,
that because there was no direct connection between the aircraft and
the ground, “there could be no force of attraction and, consequently,
no danger.”!!

Koppe began his survey detailing three incidents in which “the con-
sequences for the airplanes were happily trivial.” However, he expanded
the database to 32 occasions in 6 European nations over 8 years. (He
searched for reports from America but found none at the time.) By dis-
counting incidents of St. EImo’s fire and a glider episode, Koppe had 29
lightning strikes to evaluate. All but 3 of the aircraft struck had extended
trailing antennas at the moment of impact. His conclusion was that
wood and fabric aircraft were more susceptible to damage than were
metal airframes, “though all-metal types are not immune.” Propellers
frequently attracted lightning, with metal-tipped wooden blades being
more susceptible than all-metal props. While no fatalities occurred with
the cases in Koppe’s studies, he did note disturbing effects upon aircrew,
including temporary blindness, short-term stunning, and brief paraly-
sis; in each case, fortunately, no lingering effects occurred.'?

Koppe called for measures to mitigate the effects of lightning strikes,
including housing of electrical wires in metal tubes in wood airframes
and “lightning protection plates” on the external surfaces. He said radio

10. E. Philip Krider, “Benjamin Franklin and the First Lightning Conductors,” Proceedings of the
International Commission on History of Meteorology (2004).

11. Heinrich Koppe, "Practical Experiences with Lighining Discharges to Airplanes,” Zeitschrift fiir
Flugtechnik und Motorluftschiffahrt, vol. 24, no. 21, translated and printed as NACA Technical
Memorandum No. 730 (Nov. 4, 1933), p. 1.

12, lbid., p. 7.
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masts and the sets themselves should be protected. One occasionally
overlooked result was “electrostriction,” which the author defined as “very
heavy air pressure effect.” It involved mutual attraction of parallel tracks
into the area of the current’s main path. Koppe suggested a shield on the
bottom of the aircraft to attract ionized air. He concluded: “airplanes are
not ‘hit’ by lightning, neither do they ‘accidentally’ get into the path of a
stroke. The hits to airplanes are rather the result of a release of more or
less heavy electrostatic discharges whereby the airplane itself forms a part
of the current path.”3

American studies during World War IT expanded upon prewar exam-
inations in the United States and elsewhere. A 1943 National Bureau
of Standards (NBS, now the National Institute for Standards and
Technology, NIST) analysis concluded that the power of a lightning bolt
was so enormous—from 100 million to 1 billion volts—that there was “no
possibility of interposing any insulating barrier that can effectively resist
it.” Therefore, aircraft designers needed to provide alternate paths for
the discharge via “lightning conductors.”!* Postwar evaluation reinforced
Koppe’s 1933 observations, especially regarding lightning effects upon
airmen: temporary blindness (from seconds to 10 minutes), momentary
loss of hearing, observation of electrical effects ranging from sparks to

“a blinding blue flash,” and psychological effects. The latter were often
caused more by the violent sensations attending the entrance of a tur-
bulent storm front rather than a direct result of lightning.'

Drawing upon British data, the NACAs 1946 study further detailed
atmospheric discharges by altitude bands from roughly 6,500 to 20,500
feet, with the maximum horizontal gradient at around 8,500 feet. Size and
configuration of aircraft became recognized factors in lightning, owing
to the greater surface area exposed to the atmosphere. Moisture and dust
particles clinging to the airframe had greater potential for drawing a light-
ning bolt than on a smaller aircraft. Aircraft speed also was considered,
because the ram-air effect naturally forced particles closer together.!®

13. lbid., p. 14.

14. National Bureau of Standards, “Profection of Nonmetallic Aircraft from Lightning,” High Voltage
Laboratory, Advance Report 3110 (Sept. 1943).

15. National Bureau of Standards, “Electrical Effects in Glider Towlines,” High Voltage Laboratory,
Advance Resfricted Report 4C20 (Mar. 1944), p. 47.

16. L.P. Harrison, “Lightning Discharges to Aircraft and Associated Meteorological Conditions,” U.S.
Weather Bureau, Washington, DC (May 1946), pp. 58-60.
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A Weather Bureau survey of more than 150 strikes from 1935 to 1944
defined a clear “danger zone”: aircraft flying at or near freezing temper-
atures and roughly at 1,000 to 2,000 feet above ground level (AGL). The
most common factors were 28-34 °F and between 5,000 and 8,000 feet
AGL. Only 15 percent of strikes occurred above 10,000 feet.!”

On February 19, 1971, a Beechcraft B90 King Air twin-turboprop
business aircraft owned by Marathon Oil was struck by a bolt of light-
ning while descending through 9,000 feet preparatory to landing
at Jackson, MI. The strike caused “widespread, rather severe, and
unusual” damage. The plane suffered “the usual melted metal and cracked
nonmetallic materials at the attachments points” but in addition suffered
a local structural implosion on the inboard portions of the lower right
wing between the fuselage and right engine nacelle, damage to both flaps,
impact-and-crush-type damage to one wingtip at an attachment point, elec-
trical arc pitting of flap support and control rod bearings, a hole burned
in a ventral fin, missing rivets, and a brief loss of power. “Metal skins were
distorted,” NASA inspectors noted, “due to the ‘magnetic pinch effect’ as
the lightning current flowed through them.” Pilots J.R. Day and J.W. Maxie
recovered and landed the aircraft safely. Marathon received a NASA com-
mendation for taking numerous photographs of record and contacting
NASA so that a much more detailed examination could be performed.'®

The jet age brought greater exposure to lightning, prompting further
investigation by NOAA (created in 1970 to succeed the Environmental
Science Services Administration, which had replaced the Weather Bureau
in 1965). The National Severe Storms Laboratory conducted Project
Rough Rider, measuring the physical characteristics and effects of
thunderstorms, including lightning. The project employed two-seat
F-100F and T-33A jets to record the intensity of lightning strikes over
Florida and Oklahoma in the mid-1960s and later. The results of the
research flights were studied and disseminated to airlines, providing
safety guidelines for flight in the areas of thunderstorms.'

17. lbid., pp. 91-95.

18. Quotes from Paul T. Hacker, “lightning Damage to a General Aviation Aircraft: Description and
Analysis,” NASA TN-D-7775 (1974).

19. Edward Miller, “1964 Rough Rider Summary of Parameters Recorded, Test Instrumentation,
Flight Operations, and Aircraft Damage,” USAF Aeronautical Systems Division {1965), DTIC AD
0615749, at http://oai.dlic.mil/oai/oaidverb=getRecord&meladataPrefix=htmi&identifier=
ADO6 15749, accessed Nov. 30, 2009.
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In December 1978, two Convair F-106A Delta Dart interceptors
were struck within a few minutes near Castle Air Force Base (AFB), CA.
Both had lightning protection kits, which the Air Force had installed
beginning in early 1976. One Dart was struck twice, with both jets
sustaining “severe” damage to the Pitot booms and area around the
radomes. The protection kits prevented damage to the electrical sys-
tems, though subsequent tests determined that the lightning currents
well exceeded norms, in the area of 225 kA. One pilot reported that the
strike involved a large flash, and that the impact felt “like someone hit
the side of the aircraft with a sledgehammer.” The second strike a few
minutes later exceeded the first. The report concluded that absent the
protection kits, damage to electrical and avionic systems might have
been extensive.?

Though rare, other examples of dual aircraft strikes have been
recorded. In January 1982, a Grumman F-14A Tomcat was en route to
the Grumman factory at Calverton, NY, flown by CDR Lonny K. McClung
from Naval Air Station (NAS) Miramar, CA, when it was struck by light-
ning. The incident offered a dramatic example of how a modern, highly
sophisticated aircraft could be damaged, and its safety compromised,
by a lightning strike. As CDR McClung graphically recalled:

We were holding over Calverton at 18,000 waiting for a
rainstorm to pass. A lightning bolt went down about half
a mile in front of us. An arm reached out and zapped the
Pitot probe on the nose. I saw the lightning bolt go down
and almost as if a time warp, freeze frame, an arm of
that lightning came horizontal to the nose of our plane.
It shocked me, but not badly, though it fried every com-
puter in the airplane—Grumman had to replace every-
thing. Calverton did not open in time for us to recover
immediately so we had to go to McGuire AFB (112 miles
southwest) and back on the “peanut gyro” since all our
displays were fried. With the computers zapped, we had
a bit of an adventure getting the plane going again so
we could go to Grumman and get it fixed. When we got
back to Calverton, one of the linemen told us that the

20. J. Anderson Plumer, “Investigation of Severe Lightning Strike Incidents to Two USAF F-106A
Aircraft,” NASA CR-165794 (1981).
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same lightning strike hit a news helo below us. Based
on the time, we were convinced it was the same strike
that got us. An eerie feeling.?!

The 1978 F-106 Castle AFB F-106 strikes stimulated further
research on the potential danger of lightning strikes on military aircraft,
particularly as the Castle incidents involved currents beyond the strength
usually encountered.

Coincidentally, the previous year, the National Transportation Safety
Board had urged cooperative studies among academics, the aviation
community, and Government researchers to address the dangers posed
to aircraft operations by thunderstorms. Joseph Stickle and Norman
Crabill of the NASA Langley Research Center, strongly supported by Allen
Tobiason and John Enders at NASA Headquarters, structured a compre-
hensive program in thunderstorm research that the Center could pur-
sue. The next year, Langley researchers evaluated a lightning location
detector installed on an Agency light research aircraft, a de Havilland of
Canada DHC-6 Twin Otter. But the most extensive and prolonged study
NASA undertook involved, coincidentally, the very sort of aircraft that had
figured so prominently in the Castle AFB strikes: a two-seat NF-106B Delta
Dart, lent from the Air Force to NASA for research purposes.?

The NASA Langley NF-106B lightning research program began in
1980 and continued into 1986. Extensive aerial investigations were under-
taken after ground testing, modeling, and simulation.?* Employing the
NF-106B, Langley researchers studied two subjects in particular: the mech-
anisms influencing lightning-strike attachments on aircraft and the elec-
trical and physical effects of those strikes. Therefore, the Dart was fitted
with sensors in 14 locations: 9 in the fuselage plus 3 in the wings and 2
in the vertical stabilizer. In all, the NF-106B sustained 714 strikes during
1,496 storm penetrations at altitudes from 5,000 to 50,000 feet, typically

21. Capt. Lonny K. McClung, USN [ret.), email to authors, May 2009.

22. Chambers, Concept fo Redlity, p. 175.

23. literature on NASA's NF-106B program is understandably extensive. The following are particu-
larly recommended: J.H. Helsdon, “Atmospheric Electrical Modeling in Support of the NASA F-106
Storm Hazards Project,” NASA CR-179801 [1986); V. Mazur, B.D. Fisher, and J.C. Gerlach,

“lightning Strikes fo a NASA Airplane Penetrating Thundersforms at Low Altitudes,” AIAA Paper 86-

0021 (1986); R.M. Winebarger, “loads and Motions of an F-106B Flying Through Thunderstorms,”
NASA TM-87671 (1986).
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flying within a 150-mile radius of its operating base at Langley.?* One
NASA pilot—Bruce Fisher—experienced 216 lightning strikes in the two-
seat Dart. Many test missions involved multiple strikes; during one 1984
research flight at an altitude of 38,000 feet through a thunderstorm, the
NF-106B was struck 72 times within 45 minutes, and the peak recorded
on that particular test mission was an astounding 9 strikes per minute.?
NASA’s NF-106B lightning research program constituted the sin-
gle most influential flight research investigation undertaken in atmo-
spheric electromagnetic phenomena by any nation. The aircraft, now
preserved in an aviation museum, proved one of the longest-lived and
most productive of all NASA research airplanes, retiring in 1991. As a
team composed of Langley Research Center, Old Dominion University,
and Electromagnetic Applications, Inc., researchers reported in 1987:

This research effort has resulted in the first statistical
quantification of the electromagnetic threat to aircraft
based on in situ measurements. Previous estimates of
the in-flight lightning hazard to aircraft were inferred
from ground-based measurements. The electromagnetic
measurements made on the F-106 aircraft during these
strikes have established a statistical basis for determi-
nation of quantiles and “worst-case” amplitudes of elec-
tromagnetic parameters of rate of change of current
and the rate of change of electric flux density. The 99.3
percentile of the peak rate of change of current on the
F-106 aircraft struck by lightning is about two and a
half times that of previously accepted airworthiness cri-
teria. The findings are at present being included in new
criteria concerning protection of aircraft electrical and

24. Rosemarie L. McDowell, “Users Manual for the Federal Aviation Administration Research

and Development Electromagnetic Database (FRED) for Windows: Version 2.0," Department of
Transportation, Federal Aviation Administration, Report DOT/FAA/ARQ5/18 (1998), p. 41; and
R.L. McDowell, DJ. Grush, D.M. Cook, and M.S. Glynn, “Implementation of the FAA Research and
Development Electromagnetic Database,” in NASA KSC, The 1991 International Aerospace and
Ground Conference on Lightning and Static Electricity, vol. 2 (1991). Fittingly, the NASA Langley
NF-106B is now a permanent exhibit at the Virginia Air and Space Museum, Hampton.

25. Chambers, Concept fo Redlity, p. 181; NASA News Release, “NASA lightning Research

on ABC 20/20," Dec. 11, 2007, at http://www.nasa.gov,/ topics/aeronautics/features,/
fisher-2020.html, accessed Nov. 30, 2009.
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electronic systems against lightning. Since there are
at present no criteria on the rate of change of electric
flux density, the new data can be used as the basis for
new criteria on the electric characteristics of lightning-
aircraft electrodynamics. In addition to there being no
criteria on the rate of change of electric flux density,
there are also no criteria on the temporal durations of
this rate of change or rate of change of electric current
exceeding a prescribed value. Results on pulse char-
acteristics presented herein can provide the basis for
this development. The newly proposed lightning crite-
ria and standards are the first which reflect actual air-
craft responses to lightning measured at flight altitudes.?

The data helped shape international certification and design stan-
dards governing how aircraft should be shielded or hardened to minimize
damage from lightning. Recognizing its contributions to understanding
the lightning phenomena, its influence upon design standards, and its
ability to focus the attention of lightning researchers across the Federal
Government, the Flight Safety Foundation accorded the NF-106B pro-
gram recognition as an Outstanding Contribution to Flight Safety for
1989. This did not mark the end of the NF-106B’s electromagnetic
research, however, for it was extensively tested at the Air Force Weapons
Laboratory at Kirtland AFB, NM, in a cooperative Air Force-NASA study
comparing lightning effects with electromagnetic pulses produced by
nuclear explosions.?”

As well, the information developed in F-106B flights led to exten-
sion of “triggered” (aircraft-induced) lightning models applied to other
aircraft. Based on scaling laws for triggering field levels of differing air-
frame sizes and configurations, data were compiled for types as diverse
as Lockheed C-130 airlifters and light, business aircraft, such as the
Gates (now Bombardier) Learjet. The Air Force operated a Lockheed
WC-130 during 1981, collecting data to characterize airborne light-
ning. Operating in Florida, the Hercules flew at altitudes between 1,500

206. Felix L. Pitts, Larry D. Lee, Rodney A. Perala, and Terence H. Rudolph, “New Methods and
Results for Quantification of Lightning-Aircraft Electrodynamics,” NASA TP-2737 (1987), p. 18.
27. Chambers, Concept fo Redlity, p. 182. This NF-106B, NASA 816, is exhibited in the Virginia
Air and Space Center, Hampton, VA.
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The workhorse General Dynamics NF-106B Delta Dart used by NASA for a range of electro-
magnetic studies and research. NASA.

and 18,000 feet, using 11 sensors to monitor nearby thunderstorms.
The flights were especially helpful in gathering data on intercloud and
cloud-to-ground strokes. More than 1,000 flashes were recorded by ana-
log and 500 digitally.?®

High-altitude research flights were conducted in 1982 with instru-
mented Lockheed U-2s carrying the research of the NF-106B and the
WC-130 at lower altitudes well into the stratosphere. After a smaller 1979
project, the Thunderstorm Overflight Program was cooperatively spon-
sored by NASA, NOAA, and various universities to develop criteria for
a lightning mapping satellite system and to study the physics of light-
ning. Sensors included a wide-angle optical pulse detector, electric field
change meter, optical array sensor, broadband and high-resolution Ebert
spectrometers, cameras, and tape recorders. Flights recorded data from
Topeka, KS, in May and from Moffett Field, CA, in August. The project col-
lected some 6,400 data samples of visible pulses, which were analyzed by
NASA and university researchers.?? NASA expanded the studies to include

28. B.P. Kuhlman, M. Reazer, and PL. Rustan, "WC-130 Airborne Lightning Characterization Program
Data Review,” USAF Wright Aeronautical Laboratories (1984), DTIC ADA150230, at htfp://oai.dlic.
mil/oai/ oaidverb=geiRecord&metadataPrefix=himl&identifier=ADA 1 50230, accessed Nov. 30, 2009.
29. Otha H. Vaughan, Jr., "NASA Thunderstorm Overflight Program—Research in Aimospheric Elec-
fricity from an Instrumented U-2 Aircraft,” NASA TM-82545 (1983); Vaughn, “NASA Thunderstorm
Overflight Program —Atmospheric Electricity Research: An Overview Report on the Optical Lightning
Detection Experiment for Spring and Summer 1983, NASA TM-86468 (1984); Vaughn, et al.,
"Thunderstorm Overflight Program,” AIAA Paper 80-1934 (1980).

83



84

NASA's Contributions to Aeronautics

flights by an Agency Lockheed ER-2, an Earth-resources research aircraft
derived from the TR-2, itself a scaled-up outgrowth of the original U-2.3°

Complementing NASA’s lightning research program was a coop-
erative program of continuing studies at lower altitudes undertaken
by a joint American-French study team. The American team consisted
of technical experts and aircrew from NASA, the Federal Aviation
Administration (FAA), the USAF, the United States Navy (USN), and
NOAA, using a specially instrumented American Convair CV-580 twin-
engine medium transport. The French team was overseen by the Offices
Nationales des Etudes et Recherchés Aerospatiales (National Office for
Aerospace Studies and Research, ONERA) and consisted of experts and
aircrew from the Centre d’Essais Aéronautique de Toulouse (Toulouse
Aeronautical Test Center, CEAT) and the 'Armée de 'Air (French Air
Force) flying a twin-engine medium airlifter, the C-160 Transall. The
Convair was fitted with a variety of external sensors and flown into
thunderstorms over Florida in 1984 to 1985 and 1987. Approximately
60 strikes were received, while flying between 2,000 and 18,000 feet.
The hits were categorized as lightning, lightning attachment, direct
strike, triggered strike, intercepted strike, and electromagnetic pulse.
Flight tests revealed a high proportion of strikes initiated by the aircraft
itself. Thirty-five of thirty-nine hits on the CV-580 were determined to
be aircraft-induced. Further data were obtained by the C-160 with high-
speed video recordings of channel formation, which reinforced the
opinion that aircraft initiate the lightning. The Transall operated over
southern France (mainly near the Pyrenees Mountains) in 1986-1988,
and CEAT furnished reports from its strike data to the FAA, and thence
to other agencies and industry.?!

30. Richard Blakeslee, “ER-2 Investigations of Lightning and Thunderstorms,” in NASA MSFC, FY92
Earth Science and Applications Program Research Review (Huntsville: NASA MSFC, 1993), NRTS
93-N20088; Doug M. Mach, et al., “Electric Field Profiles Over Hurricanes, Tropical Cyclones,
and Thunderstorms with an Insfrumented ER-2 Aircraft,” paper presented at the Infernational Confer-
ences on Atmospheric Electricity (ICAE), International Commission on Atmospheric Electricity, Beijing,
China, Aug. 13-17, 2007, NTRS 2007.003.7460.

31. Centre d'Essais Aéronautique de Toulouse, “Measurement of Characteristics of Lightning at
High Altitude,” a translation of CEAT, “Mesure des caracteristiques de la foudre en altitude,” Test
No. 76,/650000 P4 (May 1979), NASA TM-76669 (1981); Harold D. Burket, et al., “In-Flight
Lightning Characterization Program on a CV-580 Aircraft.” WrightPatterson AFB Flight Dynamics
Lab {June 1988); Martin A. Uman, The Art and Science of Lightning Protection (Cambridge: Cam-
bridge University Press, 2008, p. 155; McDowell, “User's Manual for FRED," pp. 5, 49.
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NASA's Earth-resource research aircraft, a derivative of the Lockheed TR-2 (U-2R) reconnais-
sance aircraft. NASA.

Electrodynamic Research Using UAVs

Reflecting their growing acceptance for a variety of military missions,
unmanned (“uninhabited”) aerial vehicles (UAVs) are being increasingly
used for atmospheric research. In 1997, a Goddard Space Flight Center
space sciences team consisting of Richard Goldberg, Michael Desch, and
William Farrell proposed using UAVs for electrodynamic studies. Much
research in electrodynamics centered upon the direct-current (DC) Global
Electric Circuit (GEC) concept, but Goldberg and his colleagues wished
to study the potential upward electrodynamic flow from thunderstorms.
“We were convinced there was an upward flow,” he recalled over a decade
later, “and [that] it was AC.”* To study upward flows, Goldberg and his
colleagues decided that a slow-flying, high-altitude UAV had advantages
of proximity and duration that an orbiting spacecraft did not. They con-
tacted Richard Blakeslee at Marshall Space Flight Center, who had a
great interest in Earth sciences research. The Goddard-Marshall part-

32. Notes of telephone conversation, Richard P. Hallion with Richard A. Goldberg, NASA
Goddard Space Flight Center, Sept. 10, 2009, in author’s possession. Goldberg had begun

his scientific career studying crystallography but found space science [particularly using sounding
rockets) much more exciting. His perception of the upward flow of electrodynamic energy was, as
he recalled, “in the pre-sprite days. Sprites are largely insignificant anyway because their duration
is so short.”
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NASA Altus 2 electrodynamic research aircraft, a derivative of the General Atomics Predator

UAV, in flight on July12, 2002. NASA.

nership quickly secured Agency support for an electrodynamic UAV
research program to be undertaken by the National Space Science and
Technology Center (NSSTC) at Huntsville, AL. The outcome was Altus,
a modification of the basic General Atomics Predator UAV, leased from
the manufacturer and modified to carry a NASA electrodynamic research
package. Altus could fly as slow as 70 knots and as high as 55,000 feet,
cruising around and above (but never into) Florida’s formidable and
highly energetic thunderstorms. First flown in 2002, Altus constituted
the first time that UAV technology had been applied to study electrody-
namic phenomena.3 Initially, NASA wished to operate the UAV from
Patrick AFB near Cape Canaveral, but concerns about the potential dan-
gers of flying a UAV over a heavily populated area resulted in switching
its operational location to the more remote Key West Naval Air Station.
Altus flights confirmed the suppositions of Goldberg and his colleagues,
and it complemented other research methodologies that took electric,
magnetic, and optical measurements of thunderstorms, gauging lightning

33. Although this was not the first fime drones had been used for measurements in hazardous
environments. Earlier, in the heyday of open-atmospheric tesfs of nuclear weapons, drone aircraft
such as Lockheed QF-80 Shooting Stars were routinely used fo “sniff” radioactive clouds formed
after a nuclear blast and to map their dispersion in the upper afmosphere. Like the electromagnetic
research over a quarter century later, these frials complemented sorfies by conventional aircraft such

as the U-2, another atomic monitor.
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. .

The launch of Apollo 12 from the John F. Kennedy Space Center in 1969. NASA.
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activity and associated electrical phenomena, including using ground-
based radars to furnish broader coverage for comparative purposes.?*
While not exposing humans to thunderstorms, the Altus Cumulus
Electrification Study (ACES) used UAVs to collect data on cloud prop-
erties throughout a 3- or 4-hour thunderstorm cycle—not always
possible with piloted aircraft. ACES further gathered material for three-
dimensional storm models to develop more-accurate weather predictions.

Lightning bolt photographed at the John F. Kennedy Space Center immediately after the launch
of Apollo 12 in November 1969. NASA.

Spacecraft and Electrodynamic Effects

With advent of piloted orbital flight, NASA anticipated the potential
effects of lightning upon launch vehicles in the Mercury, Gemini, and
Apollo programs. Sitting atop immense boosters, the spacecraft were
especially vulnerable on their launch pads and in the liftoff phase. One
NASA lecturer warned his audience in 1965 that explosive squibs, deto-
nators, vapors, and dust were particularly vulnerable to static electrical

34. For Altus background, see Richard Blakeslee, “The ALTUS Cumulus Electrification Study (ACES):
A UAV-Based Investigation of Thunderstorms,” paper presented at the Technical Analysis and
Applications Center Unmanned Aerial Vehicle Annual Symposium, Las Cruces, NM, Oct. 30-31,
2007; and Tony Kim and Richard Blakeslee, “"ALTUS Cumulus Electrification Study (ACES),” paper
presented af the Technical Analysis and Applications Center Conference, Santa Fe, NM, Oct.
28-30, 2002.
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detonation; the amount of energy required to initiate detonation was
“very small,” and, as a consequence, their triggering was “considerably
more frequent than is generally recognized.”3

As mentioned briefly, on November 14, 1969, at 11:22 a.m. EST,
Apollo 12, crewed by astronauts Charles “Pete” Conrad, Richard F.
Gordon, and Alan L. Bean, thundered aloft from Launch Complex 39A
at the Kennedy Space Center. Launched amid a torrential downpour, it
disappeared from sight almost immediately, swallowed up amid dark,
foreboding clouds that cloaked even its immense flaring exhaust. The rain
clouds produced an electrical field, prompting a dual trigger response
initiated by the craft. As historian Roger Bilstein wrote subsequently:

Within seconds, spectators on the ground were startled
to see parallel streaks of lightning flash out of the cloud
back to the launch pad. Inside the spacecraft, Conrad
exclaimed “T don’t know what happened here. We had
everything in the world drop out.” Astronautics Pete
Conrad, Richard Gordon, and Alan Bean, inside the
spacecraft, had seen a brilliant flash of light inside the
spacecraft, and instantaneously, red and yellow warn-
ing lights all over the command module panels lit up
like an electronic Christmas tree. Fuel cells stopped
working, circuits went dead, and the electrically oper-
ated gyroscopic platform went tumbling out of control.
The spacecraft and rocket had experienced a massive
power failure. Fortunately, the emergency lasted only
seconds, as backup power systems took over and the
instrument unit of the Saturn V launch vehicle kept the
rocket operating.

The electrical disturbance triggered the loss of nine solid-state
instrumentation sensors, none of which, fortunately, was essential to
the safety or completion of the flight. It resulted in the temporary loss
of communications, varying between 30 seconds and 3 minutes,
depending upon the particular system. Rapid engagement of backup

35. GJJ. Bryan, “Static Electricity and Lightning Hazards, Part Il,” NASA Explosive Safety Executive
Lecture Series, June 1965, NTRS N67-15981, pp. 6-10, &-11.
306. Bilstein, Stages fo Saturn, pp. 374-375.
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systems permitted the mission to continue, though three fuel cells
were automatically (and, as subsequently proved, unnecessarily)
shut down. Afterward, NASA incident investigators concluded that
though lightning could be triggered by the long combined length of
the Saturn V rocket and its associated exhaust plume, “The pos-
sibility that the Apollo vehicle might trigger lightning had not been
considered previously.”*’

Apollo 12 constituted a dramatic wake-up call on the hazards of
mixing large rockets and lightning. Afterward, the Agency devoted
extensive efforts to assessing the nature of the lightning risk and
seeking ways to mitigate it. The first fruit of this detailed study effort
was the issuance, in August 1970, of revised electrodynamic design
criteria for spacecraft. It stipulated various means of spacecraft and
launch facility protection, including

1. Ensuring that all metallic sections are connected
electrically (bonded) so that the current flow from
a lightning stroke is conducted over the skin with-
out any caps where sparking would occur or current
would be carried inside.

2. Protecting objects on the ground, such as buildings,
by a system of lightning rods and wires over the out-
side to carry the lightning stroke to the ground.

3. Providing a cone of protection for the lightning pro-
tection plan for Saturn Launch Complex 39.

4. Providing protection devices in critical circuits.

5. Using systems that have no single failure mode; i.e.,
the Saturn V launch vehicle uses triple-redundant
circuitry on the auto-abort system, which requires
two out of three of the signals to be correct before
abort is initiated.

6. Appropriate shielding of units sensitive to electro-
magnetic radiation.3®

37.R. Godfrey, et al., “"Analysis of Apollo 12 Lightning Incident,” NASA Marshall Space Flight
Center, MSC-01540 [Feb. 1970), NTIS N72-73978; LA. Ferrara, “Analysis of AirGround Voice
Contacts During the Apollo 12 Launch Phase,” NASA CR-110575 (1970).

38. Glenn E. Daniels, "Atmospheric Electricity Criteria Guidelines for Use in Space Vehicle Develop-
ment,” NASA TMX-64549 (1970), pp. 1-2.
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A 1973 NASA projection of likely paths taken by lightning striking a composite structure Space
Shuttle, showing attachment and exit points. NASA.

The stakes involved in lightning protection increased greatly with
the advent of the Space Shuttle program. Officially named the Space
Transportation System (STS), NASAs Space Shuttle was envisioned as
a routine space logistical support vehicle and was touted by some as a
“space age DC-3,” a reference to the legendary Douglas airliner that had
galvanized air transport on a global scale. Large, complex, and expen-
sive, it required careful planning to avoid lightning damage, particu-
larly surface burnthroughs that could constitute a flight hazard (as, alas,
the loss of Columbia would tragically demonstrate three decades sub-
sequently). NASA predicated its studies on Shuttle lightning vulnera-
bilities on two major strokes, one having a peak current of 200 kA at
a current rate of change of 100 kA per microsecond (100 kA / 10°sec),
and a second of 100 kA at a current rate of change of 50 kA / 10 sec.
Agency researchers also modeled various intermediate currents of lower
energies. Analysis indicated that the Shuttle and its launch stack (con-
sisting of the orbiter, mounted on a liquid fuel tank flanked by two solid-
fuel boosters) would most likely have lightning entry points at the tip
of its tankage and boosters, the leading edges of its wings at mid-span
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and at the wingtip, on its upper nose surface, and (least likely) above
the cockpit. Likely exit points were the nozzles of the two solid-fuel
boosters, the trailing-edge tip of the vertical fin, the trailing edge of
the body flap, the trailing edges of the wing tip, and (least likely) the
nozzles of its three liquid-fuel Space Shuttle main engines (SSMEs).*
Because the Shuttle orbiter was, effectively, a large delta aircraft, data
and criteria assembled previously for conventional aircraft furnished
a good reference base for Shuttle lightning prediction studies, even
studies dating to the early 1940s. As well, Agency researchers undertook
extensive tests to guard against inadvertent triggering of the Shuttle’s
solid rocket boosters (SRBs), because their premature ignition would
be catastrophic.*

Prudently, NASA ensured that the servicing structure on the
Shuttle launch complex received an 80-foot lightning mast plus safety
wires to guide strikes to the ground rather than through the launch
vehicle. Dramatic proof of the system’s effectiveness occurred in
August 1983, when lightning struck the launch pad of the Shuttle
Challenger before launching mission STS-8, commanded by Richard
H. Truly. It was the first Shuttle night launch, and it subsequently pro-
ceeded as planned.

The hazards of what lightning could do to a flight control system
(FCS) was dramatically illustrated March 26, 1987, when a bolt led to
the loss of AC-67, an Atlas-Centaur mission carrying FLTSATCOM 6,
a TRW, Inc., communications satellite developed for the Navy’s Fleet
Satellite Communications system. Approximately 48 seconds after launch,
a cloud-to-ground lightning strike generated a spurious signal into the
Centaur launch vehicle’s digital flight control computer, which then sent
a hard-over engine command. The resultant abrupt yaw overstressed
the vehicle, causing its virtual immediate breakup. Coming after the
weather-related loss of the Space Shuttle Challenger the previous year,

39. NASA JSC Shuttle Lightning Protection Committee, “Space Shutile Lightning Protection Criteria
Document,” NASA JSC-07636 (1973); for studies cited by NASA as having particular value, see
K.B. McEachron and J.H. Hayenguth, “Effect of Lightning on Thin Metal Surfaces,” Transactions of
the American Institute of Electrical Engineers, vol. 61 {1942), pp. 559-564; and R.O. Brick, L.L. Oh,
and S.D. Schneider, “The Effects of Lightning Attachment Phenomena on Aircraft Design,” paper
presented at the 1970 lightning and Static Electricity Conference, San Diego, CA, Dec. 1970.

40. William M. Druen, “lightning Tests and Analyses of Tunnel Bond Straps and Shielded Cables
on the Space Shutile Solid Rocket Booster,” NASA CR-193921 (1993).
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the loss of AC-67 was particularly disturbing. In both cases, accident
investigators found that the two Kennedy teams had not taken adequate
account of meteorological conditions at the time of launch.*!

The accident led to NASA establishing a Lightning Advisory Panel to
provide parameters for determining whether a launch should proceed
in the presence of electrical activity. As well, it understandably stimu-
lated continuing research on the electrodynamic environment at the
Kennedy Space Center and on vulnerabilities of launch vehicles and
facilities at the launch site. Vulnerability surveys extended to in-flight
hardware, launch and ground support equipment, and ultimately almost
any facility in areas of thunderstorm activity. Specific items identified
as most vulnerable to lightning strikes were electronic systems, wiring
and cables, and critical structures. The engineering challenge was to
design methods of protecting those areas and systems without adversely
affecting structural integrity or equipment performance.

To improve the fidelity of existing launch models and develop a
better understanding of electrodynamic conditions around the
Kennedy Center, between September 14 and November 4, 1988, NASA
flew a modified single-seat single-engine Schweizer powered sailplane,
the Special Purpose Test Vehicle (SPTVAR), on 20 missions over the
spaceport and its reservation, measuring electrical fields. These tri-
als took place in consultation with the Air Force (Detachment 11 of its
4th Weather Wing had responsibility for Cape lightning forecasting)
and the New Mexico Institute of Mining and Technology, which
selected candidate cloud forms for study and then monitored the real-
time acquisition of field data. Flights ranged from 5,000 to 17,000 feet,
averaged over an hour in duration, and took off from late morning to
as late as 8 p.m. The SPTVAR aircraft dodged around electrified clouds
as high as 35,000 feet, while taking measurements of electrical fields,
the net airplane charge, atmospheric liquid water content, ice parti-
cle concentrations, sky brightness, accelerations, air temperature and

41. H)J. Christian, et al., "The Atlas-Centaur Lighining Strike Incident,” Journal of Geophysical
Research, vol. 94 (Sept. 30, 1989), pp. 13169-13177; John Busse, et al., "AC 67 Investigation
Board Final Report,” NASA Video VI-200.007.8606 (May 11, 1987); NASA release, “Light-
ning and Launches,” Apr. 22, 2004, htip://www.nasa.gov, audience/foreducators/9-12/
features/F_Lightning_and_Launches_9_12.html, accessed Nov. 30, 2009; Virginia P. Dawson and
Mark D. Bowles, Taming Liquid Hydrogen: The Centaur Upper Stage Rocket, 1958-2002, NASA
SP-2004-4230 (Washington, DC: NASA, 2004), p. 234.
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pressure, and basic aircraft parameters, such as heading, roll and pitch
angles, and spatial position.*

After the Challenger and AC-67 launch accidents, the ongoing Shuttle
program remained a particular subject of Agency concern, particularly the
danger of lightning currents striking the Shuttle during rollout, on the pad,
or upon liftoff. As verified by the SPTVAR survey, large currents (greater
than 100 kA) were extremely rare in the operating area. Researchers con-
cluded that worst-case figures for an on-pad strike ran from 0.0026 to
0.11953 percent. Trends evident in the data showed that specific operating
procedures could further reduce the likelihood of a lightning strike. For
instance, a study of all lightning probabilities at Kennedy Space Center
observed, “If the Shuttle rollout did not occur during the evening hours,
but during the peak July afternoon hours, the resultant nominal probabili-
ties for a >220 kA and >50 KA lightning strike are 0.04% and 0.21%, respec-
tively. Thus, it does matter ‘when’ the Shuttle is rolled out.” Although
estimates for a triggered strike of a Shuttle in ascent were not precisely
determined, researchers concluded that the likelihood of triggered strike
(one caused by the moving vehicle itself) of any magnitude on an ascend-
ing launch vehicle is 140,000 times likelier than a direct hit on the pad.
Because Cape Canaveral constitutes America’s premier space launch cen-
ter, continued interest in lightning at the Cape and its potential impact
upon launch vehicles and facilities will remain major NASA concerns.

NASA and Electromagnetic Pulse Research

The phrase “electromagnetic pulse” usually raises visions of a nuclear
detonation, because that is the most frequent context in which it is
used. While EMP effects upon aircraft certainly would feature in a
thermonuclear event, the phenomenon is commonly experienced in
and around lightning storms. Lightning can cause a variety of EMP
radiations, including radio-frequency pulses. An EMP “fries” electrical

42.]J. Jones, et al., "Aircraft Measurements of Electrified Clouds af Kennedy Space Center,” Final
Report, parts | and Il [Apr. 27, 1990), NTIS NQ1 14681-2; and ). Weems, et al., "Assessment
and Forecasting of Lightning Potential and its Effect on Launch Operations at Cape Canaveral

Air Force Station and John F. Kennedy Space Center,” in NASA, KSC, The 1991 International
Aerospace and Ground Conference on Lightning and Static Electricity, vol. 1, NASA CP-3106
[Washington, DC: NASA, 1991).

43. D.L Johnson and W.W. Vaughan, “Analysis and Assessment of Peak Lightning Current Prob-
abilities at the NASA Kennedy Space Center,” NASA TM-2000-210131 (1999), p. 10.
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circuits by passing a magnetic field past the equipment in one direc-
tion, then reversing in an extremely short period—typically a few nano-
seconds. Therefore, the magnetic field is generated and collapses within
that ephemeral time, creating a focused EMP. It can destroy or render
useless any electrical circuit within several feet of impact.

Any survey of lightning-related EMPs brings attention to the phenom-
ena of “elves,” an acronym for Emissions of Light and Very low-frequency
perturbations from Electromagnetic pulses. Elves are caused by lightning-
generated EMPs, usually occurring above thunderstorms and in the ion-
osphere, some 300,000 feet above Earth. First recorded on Space Shuttle
Mission STS-41 in 1990, elves mostly appear as reddish, expanding flashes
that can reach 250 miles in diameter, lasting about 1 millisecond.

EMP research is multifaceted, conducted in laboratories, on air-
borne aircraft and rockets, and ultimately outside Earth’s atmosphere.
Research into transient electric fields and high-altitude lightning above
thunderstorms has been conducted by sounding rockets launched by
Cornell University. In 2000, a Black Brant sounding rocket from White
Sands was launched over a storm, attaining a height of nearly 980,000
feet. Onboard equipment, including electronic and magnetic instru-
ments, provided the first direct observation of the parallel electric field
within 62 miles horizontal from the lightning.*

By definition, NASA's NF-106B flights in the 1980s involved EMP
research. Among the overlapping goals of the project was quantifica-
tion of lightning’s electromagnetic effects, and Langley’s Felix L. Pitts
led the program intended to provide airborne data of lightning-strike
traits. Bruce Fisher and two other NASA pilots (plus four Air Force
pilots) conducted the flights. Fisher conducted analysis of the informa-
tion he collected in addition to backseat researchers’ data. Those flying
as flight-test engineers in the two-seat jet included Harold K. Carney, Jr.,
NASA s lead technician for EMP measurements.

NASA Langley engineers built ultra-wide-bandwidth digital tran-
sient recorders carried in a sealed enclosure in the Dart’s missile bay.
To acquire the fast lightning transients, they adapted or devised electro-
magnetic sensors based on those used for measurement of nuclear pulse
radiation. To aid understanding of the lightning transients recorded on

44. D.E. Rowland, et al., "Propagation of the Lightning Electromagnetic Pulse Through the E- and
Fregion lonosphere and the Generation of Parallel Electric Fields,” American Geophysical Union

(May 2004).
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the jet, a team from Electromagnetic Applications, Inc., provided math-
ematical modeling of the lightning strikes to the aircraft. Owing to the
extra hazard of lightning strikes, the F-106 was fueled with JP-5, which
is less volatile than the then-standard JP-4. Data compiled from dedi-
cated EMP flights permitted statistical parameters to be established for
lightning encounters. The F-106’s onboard sensors showed that lightning
strikes to aircraft include bursts of pulses lasting shorter than previously
thought, but they were more frequent. Additionally, the bursts are more
numerous than better-known strikes involving cloud-to-Earth flashes.*
Rocket-borne sensors provided the first ionospheric observations of
lightning-induced electromagnetic waves from ELF through the medium
frequency (MF) bands. The payload consisted of a NASA double-probe
electric field sensor borne into the upper atmosphere by a Black Brant
sounding rocket that NASA launched over “an extremely active thunder-
storm cell.” This mission, named Thunderstorm III, measured lightning
EMPs up to 2 megahertz (MHz). Below 738,000 feet, a rising whistler
wave was found with a nose-whistler wave shape with a propagating fre-
quency near 80 kHz. The results confirmed speculation that the leading
intense edge of the lightning EMP was borne on 50-125-kHz waves.*
Electromagnetic compatibility is essential to spacecraft performance.
The requirement has long been recognized, as the insulating surfaces
on early geosynchronous satellites were charged by geomagnetic sub-
storms to a point where discharges occurred. The EMPs from such dis-
charges coupled into electronic systems, potentially disrupting satellites.
Laboratory tests on insulator charging indicated that discharges could
be initiated at insulator edges, where voltage gradients could exist.*

45. The global aerospace industry has also pursued such research. For example, British Aerospace
modeled lightning sfrikes and direct and indirect phenomena (including EMPs), current flow through
composite material representing a wing or tail, field ingression within the airframe, and coupling to
wiring and avionics systems. See BAE Systems, “Lightning, Eleciromagnetic Pulse (EMP) and Electro-
stafic Discharge (ESD),” 2009, at htfp://www.baesystems.com,/ProductsServices/ss_tes_atc_emp_
esd.html, accessed Nov. 30, 2009.

46. M.C. Kelley, et al., “LF and MF Observations of the Lightning Electromagnetic Pulse at lono-
spheric Altitudes,” Geophysical Research Letters, vol. 24, no. 9 (May 1997), p. 1111.

47.NJ. Stevens, ef al., “Insulator Edge Voliage Gradient Effects in Spacecraft Charging Phenom-
ena,” NASA TM-78988 (1978); Stevens, "Interactions Between Spacecraft and the Charged-
Particle Environment,” NASA Lewis [Glenn] Research Center, NTRS Report 79N24021 (1979);
Stevens, “Interactions Between Large Space Power Systems and Low-Earth-Orbit Plasmas,” NASA,

NTRS Report 85N22490 (1985).
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Apart from observation and study, detecting electromagnetic pulses
is a step toward avoidance. Most lightning detections systems include
an antenna that senses atmospheric discharges and a processor to deter-
mine whether the strobes are lightning or static charges, based upon their
electromagnetic traits. Generally, ground-based weather surveillance is
more accurate than an airborne system, owing to the greater number of
sensors. For instance, ground-based systems employ numerous antennas
hundreds of miles apart to detect a lightning stroke’s radio frequency (RF)
pulses. When an RF flash occurs, electromagnetic pulses speed outward
from the bolt to the ground at hyper speed. Because the antennas cover a
large area of Earth'’s surface, they are able to triangulate the bolt’s site of
origin. Based upon known values, the RF data can determine with con-
siderable accuracy the strength or severity of a lightning bolt.

Space-based lightning detection systems require satellites that, while
more expensive than ground-based systems, provide instantaneous
visual monitoring. Onboard cameras and sensors not only spot light-
ning bolts but also record them for analysis. NASA launched its first
lightning-detection satellite in 1995, and the Lightning Imaging Sensor,
which analyzes lightning through rainfall, was launched 2 years later.
From approximately 1993, low-Earth orbit (LEO) space vehicles car-
ried increasingly sophisticated equipment requiring increased power
levels. Previously, satellites used 28-volt DC power systems as a leg-
acy of the commercial and military aircraft industry. At those voltage
levels, plasma interactions in LEO were seldom a concern. But use of
high-voltage solar arrays increased concerns with electromagnetic
compatibility and the potential effects of EMPs. Consequently, space-
craft design, testing, and performance assumed greater importance.

NASA researchers noted a pattern wherein insulating surfaces on
geosynchronous satellites were charged by geomagnetic substorms,
building up to electrical discharges. The resultant electromagnetic pulses
can couple into satellite electronic systems, creating potentially disrup-
tive results. Reducing power loss received a high priority, and laboratory
tests on insulator charging showed that discharges could be initiated
at insulator edges, where voltage gradients could exist. The benefits of
such tests, coupled with greater empirical knowledge, afforded greater
operating efficiency, partly because of greater EMP protection.*

48. G.B. Hillord and D.C. Ferguson, “Low Earth Orbit Spacecraft Charging Design Guidelines,”
42nd AIAA Aerospace Sciences Meeting (Jan. 2004).
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Research into lightning EMPs remains a major focus. In 2008,
Stanford’s Dr. Robert A. Marshall and his colleagues reported on time-
modeling techniques to study lightning-induced effects upon VLF trans-
mitter signals called “early VLF events.” Marshall explained:

This mechanism involves electron density changes due
to electromagnetic pulses from successive in-cloud light-
ning discharges associated with cloud-to-ground dis-
charges (CGs), which are likely the source of continuing
current and much of the charge moment change in CGs.
Through time-domain modeling of the EMP we show
that a sequence of pulses can produce appreciable density
changes in the lower ionosphere, and that these changes
are primarily electron losses through dissociative attach-
ment to molecular oxygen. Modeling of the propagat-
ing VLF transmitter signal through the disturbed region
shows that perturbed regions created by successive hor-
izontal EMPs create measurable amplitude changes.*

However, the researchers found that modeling optical signatures
was difficult when observation was limited by line of sight, especially
by ground-based observers. Observation was further complicated by
clouds and distance, because elves and “sprites” (large-scale discharges
over thunderclouds) were mostly seen at ranges of 185 to 500 statute
miles. Consequently, the originating lightning usually was not visible.
But empirical evidence shows that an EMP from lightning is extremely
short-lived when compared to the propagation time across an elve’s
radius. Observers therefore learned to recognize that the illuminated area
at a given moment appears as a thin ring rather than as an actual disk.>

In addition to the effects of EMPs upon personnel directly engaged
with aircraft or space vehicles, concern was voiced about researchers
being exposed to simulated pulses. Facilities conducting EMP tests upon
avionics and communications equipment were a logical area of investi-

49. R.A. Marshall, ef al. “Early VIF perturbations caused by lightning EMP-driven dissociative atiach-
ment,” Geophysical Research Letters, vol. 35, Issue 21, [Nov. 13, 2008).

50. Michael J. Rycroft, R. Giles Harrison, Keri A. Nicoll, and Evgeny A. Mareev, “An Overview of
Earth’s Global Electric Circuit and Aimospheric Conductivity,” Space Science Reviews, vol. 137, no.
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gation, but some EMP simulators had the potential to expose operators
and the public to electromagnetic fields of varying intensities, includ-
ing naturally generated lightning bolts. In 1988, the NASA Astrophysics
Data System released a study of bioelectromagnetic effects upon humans.
The study stated, “Evidence from the available database does not estab-
lish that EMPs represent either an occupational or a public health haz-
ard.” Both laboratory research and years of observations on staffs of
EMP manufacturing and simulation facilities indicated “no acute or
short-term health effects.” The study further noted that the occupational
exposure guideline for EMPs is 100 kilovolts per meter, “which is far in
excess of usual exposures with EMP simulators.”>!

NASAS studies of EMP effects benefited nonaerospace communities.
The Lightning Detection and Ranging (LDAR) system that enhanced a
safe work environment at Kennedy Space Center was extended to pri-
vate industry. Cooperation with private enterprises enhances commercial
applications not only in aviation but in corporate research, construction,
and the electric utility industry. For example, while two-dimensional
commercial systems are limited to cloud-to-ground lightning, NASAs
three-dimensional LDAR provides precise location and elevation of in-
cloud and cloud-to-cloud pulses by measuring arrival times of EMPs.

Nuclear- and lightning-caused EMPs share common traits. Nuclear
EMPs involve three components, including the “E2” segment, which
is similar to lightning. Nuclear EMPs are faster than conventional cir-
cuit breakers can handle. Most are intended to stop millisecond spikes
caused by lightning flashes rather than microsecond spikes from a high-
altitude nuclear explosion. The connection between ionizing radiation
and lightning was readily demonstrated during the “Mike” nuclear test
at Eniwetok Atoll in November 1952. The yield was 10.4 million tons,
with gamma rays causing at least five lightning flashes in the ionized air
around the fireball. The bolts descended almost vertically from the cloud
above the fireball to the water. The observation demonstrated that, by
causing atmospheric ionization, nuclear radiation can trigger a short-
ing of the natural vertical electric gradient, resulting in a lightning bolt.>

51. TE. Aldrich, et al., “Bioelectromagnetic effects of EMP: Preliminary findings,” The Smithsonian/
INASA Astrophysics Data System (1988); Aldrich, et al., “Bioelectromagnetic Effects of EMP: Prelimi-
nary Findings,” NASA Scientific and Technical Information, Report 1988STIN 8912791A (June 1988).
52.).D. Colvin, et al., “An Empirical Study of the Nuclear Explosion-nduced Lightning Seen on vy
Mike," Journal of Geophysical Research, vol. 92, Issue D5 [1987), pp. 5696-5712.
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Thus, research overlap between thermonuclear and lightning-
generated EMPs is unavoidable. NASAs workhorse F-106B, apart from
NASA’s broader charter to conduct lightning-strike research, was
employed in a joint NASA-USAF program to compare the electromag-
netic effects of lightning and nuclear detonations. In 1984, Felix L. Pitts
of NASA Langley proposed a cooperative venture, leading to the Air
Force lending Langley an advanced, 10-channel recorder for measur-
ing electromagnetic pulses.

Langley used the recorder on F-106 test flights, vastly expand-
ing its capability to measure magnetic and electrical change rates, as
well as currents and voltages on wires inside the Dart. In July 1993, an
Air Force researcher flew in the rear seat to operate the advanced
equipment, when 72 lightning strikes were obtained. In EMP tests at
Kirtland Air Force Base, the F-106 was exposed to a nuclear electro-
magnetic pulse simulator while mounted on a special test stand and
during flybys. NASAs Norman Crabill and Lightning Technologies’
J.A. Plumer participated in the Air Force Weapons Laboratory review
of the acquired data.>

With helicopters becoming ever-more complex and with increasing
dependence upon electronics, it was natural for researchers to extend
the Agency’s interest in lightning to rotary wing craft. Drawing upon
the Agency’s growing confidence in numerical computational analysis,
Langley produced a numerical modeling technique to investigate the
response of helicopters to both lightning and nuclear EMPs. Using a
UH-60A Black Hawk as the focus, the study derived three-dimensional
time domain finite-difference solutions to Maxwell’s equations, com-
puting external currents, internal fields, and cable responses. Analysis
indicated that the short-circuit current on internal cables was generally
greater for lightning, while the open-circuit voltages were slightly higher
for nuclear-generated EMPs. As anticipated, the lightning response was
found to be highly dependent upon the rise time of the injected current.
Data showed that coupling levels to cables in a helicopter are 20 to 30
decibels (dB) greater than in a fixed wing aircraft.>

53. Chambers, Concept to Redlity, at hitp://cea.larc.nasa.gov,/PAIS/Concepi2Reality/lightning.
html, accessed Nov. 30, 2009.

54. C.C. Easterbrook and R.A. Perala, “A Comparison of lightning and Nuclear Electromagnetic
Pulse Response of a Helicopter,” presented at the Aerospace and Ground Conference on Lightning

and Static Electricity, NTIS N85-16343 07-47 (Dec. 1984).
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Lightning and the Composite, Electronic Airplane

FAA Federal Air Regulation (FAR) 23.867 governs protection of aircraft
against lightning and static electricity, reflecting the influence of decades
of NASA lightning research, particularly the NF-106B program. FAR
23.867 directs that an airplane “must be protected against catastrophic
effects from lightning,” by bonding metal components to the airframe or,
in the case of both metal and nonmetal components, designing them so
that if they are struck, the effects on the aircraft will not be catastrophic.
Additionally, for nonmetallic components, FAR 23.867 directs that air-
craft must have “acceptable means of diverting the resulting electrical
current so as not to endanger the airplane.”>

Among the more effective means of limiting lightning damage to
aircraft is using a material that resists or minimizes the powerful pulse
of an electromagnetic strike. Late in the 20th century, the aerospace
industry realized the excellent potential of composite materials for that
purpose. Aside from older bonded-wood-and-resin aircraft of the inter-
war era, the modern all-composite aircraft may be said to date from the
1960s, with the private-venture Windecker Eagle, anticipating later air-
craft as diverse as the Cirrus SR-20 lightplane, the Glasair III LP (the
first composite homebuilt aircraft to meet the requirements of FAR 23),
and the Boeing 787. The 787 is composed of 50-percent carbon lami-
nate, including the fuselage and wings; a carbon sandwich material in
the engine nacelles, control surfaces, and wingtips; and other compos-
ites in the wings and vertical fin. Much smaller portions are made of
aluminum and titanium. In contrast, indicative of the rising prevalence
of composites, the 777 involved just 12-percent composites.

An even newer composite testbed design is the Advanced Composite
Cargo Aircraft (ACCA). The modified twin-engine Dornier 328Jet’s rear fuse-
lage and vertical stabilizer are composed of advanced composite materials
produced by out-of-autoclave curing. First flown in June 2009, the ACCA
is the product of a 10-year project by the Air Force Research Laboratory.>

NASA research on lightning protection for conventional aircraft
structures translated into use for composite airframes as well. Because
experience proved that lightning could strike almost any spot on an

55. U.S. Department of Transportation, Federal Aviation Administration, Federal Air Regulations
[Washington, DC: FAA, 2009), FAR 23.867.

56. U.S. Patent Olson composite aircraft structure having lightning protection. 4,352,142 (Sept.
28, 1982).
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airplane’s surface—not merely (as previously believed) extremities such
as wings and propeller tips—researchers found a lesson for designers
using new materials. They concluded, “That finding is of great impor-
tance to designers employing composite materials, which are less con-
ductive, hence more vulnerable to lightning damage than the aluminum
allows they replace.””” The advantages of fiberglass and other compos-
ites have been readily recognized: besides resistance to lightning strikes,
composites offer exceptional strength for light weight and are resistant
to corrosion. Therefore, it was inevitable that aircraft designers would
increasingly rely upon the new materials.>®

But the composite revolution was not just the province of established
manufacturers. As composites grew in popularity, they increasingly were
employed by manufacturers of kit planes. The homebuilt aircraft market,
a feature of American aeronautics since the time of the Wrights, expanded
greatly over the 1980s and afterward. NASA’s heavy investment in light-
ning research carried over to the kit-plane market, and Langley released
a Small Business Innovation Research (SBIR) contract to Stoddard-
Hamilton Aircraft, Inc., and Lightning Technologies, Inc., for develop-
ment of a low-cost lightning protection system for kit-built composite
aircraft. As a result, Stoddard-Hamilton’s composite-structure Glasair IIT
LP became the first homebuilt aircraft to meet the standards of FAR 23.%°

One of the benefits of composite/fiberglass airframe materials is
inherent resistance to structural damage. Typically, composites are
produced by laying spaced bands of high-strength fibers in an angu-
lar pattern of perhaps 45 degrees from one another. Selectively wind-
ing the material in alternating directions produces a “basket weave”
effect that enhances strength. The fibers often are set in a thermo-
plastic resin four or more layers thick, which, when cured, produces
extremely high strength and low weight. Furthermore, the weave pat-
tern affords excellent resistance to peeling and delamination, even when
struck by lightning. Among the earliest aviation uses of composites were
engine cowlings, but eventually, structural components and then entire
composite airframes were envisioned. Composites can provide addi-
tional electromagnetic resistance by winding conductive filaments in a

57.D.C. Ferguson and G.B. Hillard, “low Earth Orbit Spacecraft Charging Design Guidelines,”
NASA TP-2003-212287 (2003).

58. The development of the composite aircraft is the subject of a companion essay in this volume.
59. Chambers, Concept fo Redlity, p. 184.
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spiral pattern over the structure before curing the resin. The filaments
help dissipate high-voltage energy across a large area and rapidly divert
the impulses before they can inflict significant harm.®

It is helpful to compare the effects of lightning on aluminum aircraft
to better understand the advantage of fiberglass structures. Aluminum
readily conducts electromagnetic energy through the airframe, requir-
ing designers to channel the energy away from vulnerable areas, espe-
cially fuel systems and avionics. The aircraft’s outer skin usually offers
the path of least resistance, so the energy can be “vented” overboard.
Fiberglass is a proven insulator against electromagnetic charges. Though
composites conduct electricity, they do so less readily than do alumi-
num and other metals. Consequently, though it may seem counterintu-
itive, composites’ resistance to EMP strokes can be enhanced by adding
small metallic mesh to the external surfaces, focusing unwanted currents
away from the interior. The most common mesh materials are alumi-
num and copper impressed into the carbon fiber. Repairs of lightning-
damaged composites must take into account the mesh in the affected
area and the basic material and attendant structure. Composites miti-
gate the effect of a lightning strike not only by resisting the immediate
area of impact, but also by spreading the effects over a wider area. Thus,
by reducing the energy for a given surface area (expressed in amps per
square inch), a potentially damaging strike can be rendered harmless.

Because technology is still emerging for detection and diagno-
sis of lightning damage, NASA is exploring methods of in-flight and
postflight analysis. Obviously, the most critical is in-flight, with aircraft
sensors measuring the intensity and location of a lightning strike’s cur-
rent, employing laboratory simulations to establish baseline data for a
specific material. Thus, the voltage/current test measurements can be
compared with statistical data to estimate the extent of damage likely
upon the composite. Aircrews thereby can evaluate the safety of flight
risks after a specific strike and determine whether to continue or to land.

NASA’s research interests in addressing composite aircraft
are threefold:

¢ Deploying onboard sensors to measure lightning-strike
strength, location, and current flow.

60. United States Patent 5132168, “Lightning strike profection for composite aircraft structures.”
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¢  Obtaining conductive paint or other coatings to facili-
tate current flow, mitigating airframe structural dam-
age, and eliminating requirements for additional internal
shielding of electronics and avionics.

¢  Compiling physics-based models of complex compos-
ites that can be adapted to simulate lightning strikes to
quantify electrical, mechanical, and thermal parameters
to provide real-time damage information.

As testing continues, NASA will provide modeling data to manufac-
turers of composite aircraft as a design tool. Similar benefits can accrue
to developers of wind turbines, which increasingly are likely to use com-
posite blades. Other nonaerospace applications can include the electric
power industry, which experiences high-voltage situations.®!

Avionics
Lightning effects on avionics can be disastrous, as illustrated by the
account of the loss of AC-67. Composite aircraft with internal radio anten-
nas require fiberglass composite “windows” in the lightning-strike mesh
near the antenna. (Fiberglass composites are employed because of their
transparency to radio frequencies, unlike carbon fiber.) Lightning pro-
tection and avoidance are important for planning and conducting flight
tests. Consequently, NASAs development of lightning warning and detec-
tion systems has been a priority in furthering fly-by-wire (FBW) systems.
Early digital computers in flight control systems encountered conditions in
which their processors could be adversely affected by lightning-generated
electrical pulses. Subsequently, design processes were developed to pro-
tect electronic equipment from lightning strikes. As a study by the North
Atlantic Treaty Organization (NATO) noted, such protection is “particu-
larly important on aircraft with composite structures. Although equipment
bench tests can be used to demonstrate equipment resistance to lightning
strikes and EMP, it is now often considered necessary to perform whole
aircraft lightning-strike tests to validate the design and clearance process.”®?
Celeste M. Belcastro of Langley contrasted laboratory, ground-based,
and in-flight testing of electromagnetic environmental effects, noting:

61. "lightning Strike Protection for Composite Aircraft,” NASA Tech Briefs (June 1, 2009).
62. F. Webster and T.D. Smith, “Flying Qualities Flight Testing of Digital Flight Control Systems,” in
NATO, AGARDograph, No. 300, vol. 21, in the AGARD Flight Test Techniques Series (2001), p. 3.
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Laboratory tests are primarily open-loop and static at a

few operating points over the performance envelope of
the equipment and do not consider system level effects.
Full-aircraft tests are also static with the aircraft situated

on the ground and equipment powered on during expo-
sure to electromagnetic energy. These tests do not pro-
vide a means of validating system performance over the

operating envelope or under various flight conditions. . . .
The assessment process is a combination of analysis, sim-
ulation, and tests and is currently under development for
demonstration at the NASA Langley Research Center. The

assessment process is comprehensive in that it addresses

(i) closed-loop operation of the controller under test, (ii)

real-time dynamic detection of controller malfunctions

that occur due to the effects of electromagnetic distur-
bances caused by lightning, HIRF, and electromagnetic

interference and incompatibilities, and (iii) the resulting
effects on the aircraft relative to the stage of flight, flight
conditions, and required operational performance.®

A prime example of full-system assessment is the F-16 Fighting
Falcon, nicknamed “the electric jet,” because of its fly-by-wire flight con-
trol system. Like any operational aircraft, F-16s have received lightning
strikes, the effects of which demonstrate FCS durability. Anecdotal evi-
dence within the F-16 community contains references to multiple light-
ning strikes on multiple aircraft—as many as four at a time in close
formation. In another instance, the leader of a two-plane section was
struck, and the bolt leapt from his wing to the wingman'’s canopy.

Aircraft are inherently sensor and weapons platforms, and so the
lightning threat to external ordnance is serious and requires exami-
nation. In 1977, the Air Force conducted tests on the susceptibility of
AIM-9 missiles to lightning strikes. The main concern was whether the
Sidewinders, mounted on wingtip rails, could attract strobes that could
enter the airframe via the missiles. The evaluators concluded that the
optical dome of the missile was vulnerable to simulated lightning strikes

63. C.M. Belcastro, “Assessing Electromagnetic Environment Effects on Flight Critical Aircraft
Control Computers,” NASA Langley Research Center Technical Seminar Paper (Nov. 17, 1997), at
hito://www.ece.odu.edu/~gray,/ research/abstracts. html#Assessing, accessed Nov. 30, 2009.
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even at moderate currents. The AIM-9’s dome was shattered, and burn
marks were left on the zinc-coated fiberglass housing. However, there
was no evidence of internal arcing, and the test concluded that “it is
unlikely that lightning will directly enter the F-16 via AIM-9 missiles.”%
Quite clearly, lightning had the potential of damaging the sensitive optics
and sensors of missiles, thus rendering an aircraft impotent. With the
increasing digitization and integration of electronic engine controls, in
addition to airframes and avionics, engine management systems are
now a significant area for lightning resistance research.

Transfer of NASA Research into Design Practices

Much of NASA’s aerospace research overlaps various fields. For exam-
ple, improving EMP tolerance of space-based systems involves studying
plasma interactions in a high-voltage system operated in the ionosphere.
But a related subject is establishing design practices that may have pre-
viously increased adverse plasma interactions and recommending means
of eliminating or mitigating such reactions in future platforms.

Standards for lightning protection tests were developed in the 1950s,
under FAA and Department of Defense (DOD) auspices. Those studies
mainly addressed electrical bonding of aircraft components and protec-
tion of fuel systems. However, in the next decade, dramatic events such
as the in-flight destruction of a Boeing 707 and the triggered responses
of Apollo 12 clearly demonstrated the need for greater research. With
advent of the Space Shuttle, NASA required further means of lightning
protection, a process that began in the 1970s and continued well beyond
the Shuttle’s inaugural flight, in 1981.

Greater interagency cooperation led to new research programs in
the 1980s involving NASA, the Air Force, the FAA, and the government
of France. The goal was to develop a lightning-protection design phi-
losophy, which in turn required standards and guidelines for various
aerospace vehicles.

NASA’s approach to lightning research has emphasized detection
and avoidance, predicated on minimizing the risk of strikes, but then, if
strikes occur nevertheless, ameliorating their damaging effects. Because
early detection enhances avoidance, the two approaches work hand in
glove. Translating those related philosophies into research and thence

64. Air Force Flight Dynamics Laboratory, Electromagnetic Hazards Group, “Lightning Strike Suscep-
tibility Tests on the AIMQ Missile,” AFFDL-TR-78-95 (Aug. 1978), p. 23.
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to design practices contains obvious benefits. The relationship between
lightning research and protective design was noted by researchers for
Lightning Technologies, Inc., in evaluating lightning protection for digi-
tal engine control systems. They emphasized, “The coordination between
the airframe manufacturer and system supplies in this process is fun-
damental to adequate protection.”®® Because it is usually impractical to
perform full-threat tests on fully configured aircraft, lightning protec-
tion depends upon accurate simulation using complete aircraft with full
systems aboard. NASA, and other Federal agencies and military services,
has undertaken such studies, dating to its work on the F-8 DFBW test-
bed of the early 1970s, as discussed subsequently.

In their Storm Hazards Research Program (SHRP) from 1980 to 1986,
Langley researchers found that multiple lightning strikes inject random
electric currents into an airframe, causing rapidly changing magnetic
fields that can lead to erroneous responses, faulty commands, or other

“upsets” in electronic systems. In 1987, the FAA (and other nations’ avi-
ation authorities) required that aircraft electronic systems perform-
ing flight-critical functions be protected from multiple-burst lightning.

At least from the 1970s, NASA recognized that vacuum tube electron-
ics were inherently more resistant to lightning-induced voltage surges
than were solid-state avionics. (The same was true for EMP effects. When
researchers in the late 1970s were able to examine the avionics of the
Soviet MiG-25 Foxbat, after defection of a Foxbat pilot to Japan, they were
surprised to discover that much of its avionics were tube-based, clearly
with EMP considerations in mind.) While new microcircuitry obviously
was more vulnerable to upset or damage, many new-generation aircraft
would have critical electronic systems such as fly-by-wire control systems.

Therefore, lightning represented a serious potential hazard to safety
of flight for aircraft employing first-generation electronic flight control
architectures and systems. A partial solution was redundancy of flight
controls and other airborne systems, but in 1978, there were few if any
standards addressing indirect effects of lightning. That time, however,
was one of intensive interest in electronic flight controls. New fly-by-wire
aircraft such as the F-16 were on the verge of entering squadron service.
Even more radical designs—notably highly unstable early stealth aircraft
such as the Lockheed XST Have Blue testbed, the Northrop Tacit Blue,

65. M. Dargi, et al., "Design of Lightning Protection for a Full-Authority Digital Engine Control,”
lightning Technologies, Inc., NTIS N91-32717 (1991).
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the Lockheed F-117, and the NASA-Rockwell Space Shuttle orbiter—

were either already flying or well underway down the development path.
NASASs digital fly-by-wire (DFBW) F-8C Crusader afforded a ready

means of evaluating lightning-induced voltages, via ground simulation

and evaluation of electrodynamic effects upon its flight control computer.

Dryden’s subsequent research represented the first experimental investi-

gation of lightning-induced effects on any FBW system, digital or analog.
A summary concluded:

Results are significant, both for this particular aircraft
and for future generations of aircraft and other aero-
space vehicles such as the Space Shuttle, which will
employ digital FBW FCSs. Particular conclusions are:
Equipment bays in a typical metallic airframe are poorly
shielded and permit substantial voltages to be induced
in unshielded electrical cabling. Lightning-induced volt-
ages in a typical a/c cabling system pose a serious haz-
ard to modern electronics, and positive steps must be
taken to minimize the impact of these voltages on sys-
tem operation. Induced voltages of similar magnitudes
will appear simultaneously in all channels of a redun-
dant system. A single-point ground does not eliminate
lightning-induced voltages. It reduces the amount of
diffusion-flux induced and structural IR voltage but per-
mits significant aperture-flux induced voltages. Cable
shielding, surge suppression, grounding and interface
modifications offer means of protection, but successful
design will require a coordinated sharing of responsibil-
ity among those who design the interconnecting cabling
and those who design the electronics. A set of transient
control levels for system cabling and transient design
levels for electronics, separated by a margin of safety,
should be established as design criteria.®

66. J.A. Plumer, W.A. Malloy, and J.B. Craft, “The Effects of Lightning on Digital Flight Control
Systems,” NASA, Advanced Control Technology and its Potential for Future Transport Aircraft
[Edwards: DFRC, 1976), pp. 989-1008; CR. Jarvis and K. Szalai, “Ground and Flight Test
Experience with a Triple Redundant Digital Fly By Wire Control System,” in NASA [RC, Advanced
Aerodynamics and Active Controls, NISTN81-19001 1001 (1981).
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The F-8 DFBW program is the subject of a companion study on
electronic flight controls and so is not treated in greater detail here. In
brief, a Navy Ling-Temco-Vought F-8 Crusader jet fighter was modi-
fied with a digital electronic flight control system and test-flown at the
NASA Flight Research Center (later the NASA Dryden Flight Research
Center). When the F-8 DFBW program ended in 1985, it had made 210
flights, with direct benefits to aircraft as varied as the F-16, the F/A-18,
the Boeing 777, and the Space Shuttle. It constituted an excellent exam-
ple of how NASA research can prove and refine design concepts, which
are then translated into design practice.®’

The versatile F-106B program also yielded useful information on
protection of digital computers and other airborne systems that trans-
lated into later design concepts. As NASA engineer-historian Joseph
Chambers subsequently wrote: “These findings are now reflected in
lightning environment and test standards used to verify adequacy of
protection for electrical and avionics systems against lightning hazards.
They are also used to demonstrate compliance with regulations issued
by airworthiness certifying authorities worldwide that require lightning
strikes not adversely affect the aircraft systems performing critical and
essential functions.”®®

Similarly, NASA experience at lightning-prone Florida launch sites
provided an obvious basis for identifying and implementing design
practices for future use. A 1999 lessons-learned study identified design
considerations for lightning-strike survivability. Seeking to avoid nat-
ural or triggered lightning in future launches, NASA sought improve-
ments in electromagnetic compatibility (EMC) for launch sites used by
the Shuttle and other launch systems. They included proper grounding
of vehicle and ground-support equipment, bonding requirements, and
circuit protection. Those aims were achieved mainly via wire shielding
and transient limiters.

In conclusion, it is difficult to improve upon D.L. Johnson and W.W.
Vaughn’s blunt assessment that “Lightning protection assessment and
design consideration are critical functions in the design and develop-
ment of an aerospace vehicle. The project’s engineer responsible for

67 James E. Tomayko, Computers Take Flight: A History of NASA's Pioneering Digital Fly-By-Wire
Project, NASA SP-2000-4224 (Washington, DC: GPO, 2000).

68. Chambers, Concept fo Reality, “Lightning Profection and Standards,” at htip://oea.larc.nasa.
gov,/PAIS/Concept2Redlity/lightning.himl, accessed Nov. 30, 2009.
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lightning must be involved in preliminary design and remain an inte-
gral member of the design and development team throughout vehi-
cle construction and verification tests.”® This lesson is applicable
to many aerospace technical disciplines and reflects the decades of
experience embedded within NASA and its predecessor, the NACA,
involving high-technology (and often high-risk) research, testing, and
evaluation. Lightning will continue to draw the interest of the Agency’s
researchers, for there is still much that remains to be learned about this
beautiful and inherently dangerous electrodynamic phenomenon and
its interactions with those who fly.

69. D.L. Johnson and W.W. Vaughan, “Lightning Strike Peak Current Probabilities as Related

to Space Shutile Operations” (Huntsville: NASA MSFC, 1999), p. 3, at hitp://ntrs.nasa.gov,/
archive/nasa/casi.nirs.nasa.gov,/ 199.900.09077_199.843.2277 pdf, accessed Nov. 30,
2009; C.C. Goodloe, “Lightning Profection Guidelines for Aerospace Vehicles,” NASA TM:-
209734 (1999).
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